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Stimulus for rapid ocular dominance plasticity in visual cortex. J
Neurophysiol 95: 2947-2950, 2006. First published February 15,
2006; doi:10.1152/jn.01328.2005. Although it has been known for
decades that monocular deprivation shifts ocular dominance in Kitten
striate cortex, uncertainty persists about the adequate stimulus for
deprivation-induced losses of cortical responsiveness. In the current
study we compared the effects of 2 days of lid closure and 2 days of
monocular blur using an overcorrecting contact lens. Our finding of
comparable ocular dominance shifts in visual cortex indicates that
deprived-eye response depression is not a result of reduced retinal
illumination. The quality rather than the quantity of retinal illumina-
tion is the key factor for ocular dominance plasticity. These data have
implications for both the mechanism and treatment of amblyopia.

INTRODUCTION

Ocular dominance (OD) plasticity in visual cortex is a
striking example of how the qualities of sensory experience
influence receptive field development in the neocortex. Mon-
ocular deprivation (MD), usually produced experimentally by
unilateral lid closure, rapidly causes cortical neurons to lose
responsiveness to the deprived eye. Closing an eye /) greatly
reduces the amount of light falling on the retina and 2)
degrades image formation. The relative contributions of these
two effects of eyelid closure on the ocular dominance shift are
important to understand because this knowledge constrains
possible mechanisms.

Over the past four decades, beginning with the seminal
experiments of Wiesel and Hubel (1963), there have been a
number of reports that merely diffusing or blurring images in
one eye is sufficient to cause an ocular dominance shift.
However, most of these observations have been cursory (e.g.,
few animals or absence of controls for statistical comparisons)
and/or complicated by prior dark rearing (Blakemore 1976;
Christen and Mower 1987; Eggers and Blakemore 1978;
Maguire et al. 1982; Tieman et al. 1983). There has been only
one systematic and quantitative comparison of monocular
diffusion and occlusion. In kittens dark reared to 4 wk of age,
Christen and Mower (1987) found comparable ocular domi-
nance shifts after =15 additional weeks of visual experience
with one eye covered with either a diffusing contact lens or an
occluding lens. However, the long duration of the deprivation
does not allow any conclusions to be reached about how
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rapidly these shifts occurred, and the prior dark rearing com-
plicates the interpretation (selective monocular experience Vvs.
monocular deprivation). The problem of dark rearing was
avoided in studies by lkeda and Tremain (1978), who blurred
the images in one eye by repeated daily treatment of three
kittens with atropine, and by Von Noorden and Crawford
(1977), who removed the lens from one eye in three monkeys.
However, neither study directly compared the consequence of
monocular blur and lid closure and, again, the long duration of
the treatment makes it difficult to discern whether the rate of
the OD shift was different.

Renewed interest in this question has come from two recent
findings. First, it is now clear that the OD shift produced by
temporarily silencing all activity in one retina is significantly
less (Rittenhouse et al. 1999) and qualitatively different (Fren-
kel and Bear 2004) from that caused by lid closure. These
findings suggest a much greater role for the residual activity in
the deprived retina in triggering deprived-eye depression than
previously suspected. Second, it is now clear that the OD shift
can be accounted for by both deprived-eye depression and
open-eye potentiation (Frenkel and Bear 2004; Mioche and
Singer 1989; Sawtell et al. 2003). Only after brief periods of
deprivation is the OD shift accounted for solely by deprived-
eye depression. Our aim in the present study was to perform a
quantitative comparison of the consequences of brief monoc-
ular deprivation by blur and lid closure in young normally
reared kittens.

METHODS
Monocular deprivation

Kittens were reared in a normal 12/12 light cycle until postnatal day
P45-P61, and then divided into three groups: those receiving monoc-
ular blur (MB) for 2 days, those receiving monocular lid suture (MS)
for 2 days, and those with normal binocular vision (NR). Animals in
the MB group had a hard contact lens inserted into the left eye. These
lenses were made in the strongest available prescription correction for
myopia (planar lens with —10 diopters correction), resulting in a focal
distance beyond the limit of the walls of the animal room (Fig. 1). MS
kittens had the lids of their left eye sutured under isofluorane anes-
thesia (3% in 1 liter/min O,) after placement of a plano (noncorrect-
ing) hard contact lens in that eye. Lenses were 12 mm in diameter,
large enough to cover the iris and pupil. Animals remained on a 12/12
light cycle, but during each dark phase were moved to a darkroom.
MS kittens had fully recovered from anesthesia at the onset of their
first 12-h light phase. After 48 h of restricted visual experience,
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FIG. 1. Simulated visual image viewed through a diffusing contact lens. A:
a natural visual image as it would be seen through a nondeprived eye. B: same
image seen through a contact lens with a corrective power of minus 10.
Assuming an eye diameter of 15 mm with an appropriate natural lens system
(power 1/0.015), an object at infinity with focus at 0.013, instead of 0.015 m
(13 mm), a point at infinity would have a physical size on the retina of (pupil
size) X (0.002/0.013) = 15% of pupil size. For a 0.2-cm pupil, the point radius
is 0.03 cm. If an image falls on a 1-cm? area of retina, then a point is 3% of
image length. For a 256 X 256 pixel image, this means convolving the image
with a spot of radius of nearly 8 pixels; the result is blurred details with
retention of large object shapes.

animals were immediately prepared for extracellular recording of cells
in area 17 as described previously (Rittenhouse et al. 1999). NR
animals did not wear contact lenses. In all cases, the optics were
confirmed to be clear in both eyes before recording.

Cortical electrophysiology and analyses

Recordings were made in area 17 of the right hemisphere, con-
tralateral to the deprived eye, as described by Rittenhouse et al.
(1999). Briefly, single-unit recordings were made using glass-covered
tungsten electrodes (Alan Ainsworth, London, UK or FHC, Bowdo-
inham, ME). Successive units were recorded, =125 um apart, along
penetrations that ran tangentially through striate cortex down the
medial bank of the lateral gyrus. Cells from all layers of cortex were
sampled. Unit responses were isolated and the cell’s receptive field
was mapped using a handheld light bar. Each eye then independently
viewed moving sinusoidal gratings at 16 evenly spaced orientations
and one blank screen while the other eye was covered close to the eye
to eliminate scattered light entering the eye. Responses to five trials
were collected in peristimulus time histograms (PSTHs). The visual
stimuli were high-contrast sinusoidal luminance gratings with a spa-
tial frequency of 1 cyc/deg drifting at 1 Hz. Experience in both our
laboratory and that of other investigators shows that gratings with
these parameters drive the majority of neurons in striate cortex
neurons. Ocular dominance measurements with fixed stimulus param-
eters (i.e., nonoptimized) are reliable because receptive field structure
as well as orientation and spatial frequency selectivity are matched in
the two eyes (Skottun and Freeman 1984) and responses fall off
monotonically from the peak response. Because our aim was to
quantitatively measure ocular dominance in as many neurons as
possible, we did not go to any lengths to optimize stimuli for
individual neurons, which would have slowed our rate of data collec-
tion. Therefore we do not report any data on possible differences in
peak firing or orientation selectivity.

A computer-generated ocular dominance (OD) score for each unit
was calculated according to the following equation: OD = (R —
L) (R + L), where “R” is the right eye response to the preferred
stimulus (orientation and direction) minus spontaneous activity (blank
screen trial), and “L” is the left eye response to the preferred stimulus
minus spontaneous activity. Thus scores ranged from —1.0, driven by
the contralateral (left) eye, to 1.0, driven by the ipsilateral (right) eye.
To ensure accuracy, scoring was corroborated subjectively by audi-
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tory monitoring of responses to a handheld light bar. A five-category
system was used. Briefly, cells in category 1 responded only to
stimulation through the contralateral eye; cells in category 5 re-
sponded only to stimulation of the ipsilateral eye; and those in
category 3 responded equally well to stimulation of either eye, with
categories 2 and 4 representing intermediate responses. The computer
OD scores (—1.0 to 1.0) were later binned into five bins for compar-
ison. When a computer score was not within =1 OD category of the
experimenter’s score, the data for that cell were examined by a third
party, blind to the deprivation condition, who decided whether the
computer score should stand or whether the cell should be disre-
garded. If the quantitative measure of OD was obviously corrupted by
differences in spontaneous activity across trials or by a poor signal-
to-noise ratio, these data were excluded; on this basis, 14% of the
recordings in each group were disregarded.

Comparisons across groups were made using nonparametric statis-
tics. Cumulative probability distributions were analyzed using Kol-
mogorov—Smirnov tests, group analyses with Kruskal-Wallis tests,
and, where appropriate, Mann—Whitney U tests were used for post hoc
comparisons between groups.

RESULTS

Extracellular single-unit recordings of area 17 neurons were
obtained from kittens reared normally (n 7 animals) or
visually deprived for 48 h by either MS (n = 10 animals) or
MB (n = 11 animals). All recordings were from the right
hemisphere, contralateral to the deprived (left) eye. Because
OD plasticity declines with age (Hubel and Wiesel 1970;
Mower 1991), we intentionally studied older animals, whose
OD shifts would be reduced or slower compared with animals
at the peak of the critical period, and we kept the deprivation
periods brief to examine plasticity before it reached maximum
levels. Animal ages were matched across groups: the average
age (in days) for the MB group was 53.3 = 1.5, for the MS
group was 52.6 = 1.5, and for the NR group, 52.1 = 1.7.

Cortical plasticity was assessed using a quantitative OD
score for each recorded unit (see METHODS). Scores ranged from
—1.0 for cells responsive only through the contralateral eye to
1.0 for cells responsive only to stimulation of the ipsilateral
eye; cells with an OD score of O responded equally well
through each eye. Cumulative probability distributions of OD
were plotted for all units in each experimental group (NR; n =
144 units; MS: n = 220 units; MB: n = 307 units; Fig. 2A). As
expected, in NR animals there was a higher proportion of units
dominated by the contralateral eye (OD scores <0). However,
in both deprivation groups the distributions were shifted to-
ward the ipsilateral (nondeprived) eye (OD scores >0). There
was a significant effect of group (P < 0.0001, Kruskal-Wallis
test), and post hoc analyses confirmed that both deprivation
groups had OD score distributions that were significantly
different from those of the normally reared animals (P <
0.0001, Kolmogorov—Smirnov tests), whereas the MB and MS
distributions were not significantly different from each other.

For more conventional visual examination of the data, OD
histograms were derived for each group of animals by dividing
the pooled OD score distribution into five equal-sized bins
(Fig. 2, B-D). These OD histograms reveal unmistakable shifts
in OD of cells from MB (Fig. 2C) and MS (Fig. 2D) animals
compared with normal controls (Fig. 2B).

OD data pooled from many animals can be biased toward
those individual cases where the largest number of units were
studied. Therefore we also analyzed the results by case (Fig. 2,
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