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Experience-dependent binocular competition in
the visual cortex begins at eye opening

Spencer L Smith & Joshua T Trachtenberg

Visual experience begins at eye opening, but current models consider cortical circuitry to be resistant to experience-dependent
competitive modification until the activation of a later critical period. Here we examine this idea using optical imaging to map the
time course of receptive field refinement in normal mice, mice in which the contralateral eye never opens and mice in which the
contralateral eye is silenced. We found that the refinement of ipsilateral eye retinotopy is retarded by contralateral deprivation,
but accelerated by silencing of the contralateral eye. Patterned visual experience through the ipsilateral eye is required for this
acceleration. These differences are most obvious at postnatal day 15, long before the start of the critical period, indicating that
experience-dependent binocular plasticity occurs much earlier than was previously thought. Furthermore, these results suggest
that the quality of activity, in terms of signal to noise, and not the quantity, determines robust receptive field development.

Experience-dependent competitive interactions between the inputs
from the two eyes sculpt and ultimately consolidate cortical circuitry
to its adult form. This plasticity, traditionally detected from changes in
the ratio of cortical responses evoked by stimulation to each eye, is
believed to be restricted to a well-defined critical periodl’z. In mice, cats
and ferrets, the critical period begins 7-10 d after eye opening!™ but
can be accelerated or delayed by manipulating cortical inhibition>~.
During the precritical period, the time between eye opening and the
activation of the critical period, many aspects of mature visual cortical
circuitry develop independent of visual experience. For example,
orientation tuning®!!, the clustering of horizontal connections in
supragranular layers'? and the peak-to-peak periodicity of each eye’s
thalamocortical projections'>!* mature to near adult levels in the
absence of vision. However, patterned vision is required for the
maintenance of adult-like receptive fields, and the age at which this
requirement begins coincides with the onset of the critical period for
cortical plasticity. Thus, the progressive functional maturation of
cortical circuitry is thought to involve two stages: (i) the establishment
and refinement of receptive fields during the precritical period by
intrinsic mechanisms, and (ii) the strengthening and consolidation of
receptive field architecture during the critical period by competitive
mechanisms that require visual experience (Fig. 1a). In this study, we
reexamine this model in light of recent evidence that early visual
experience influences the formation'> and strength!®!7 of cortical
synapses, the expression of immediate early genes'® and the emergence
of direction selectivity!®. Using intrinsic signal optical imaging, we test
the function of experience-dependent binocular competition in the
establishment and subsequent maturation of each eye’s retinotopic
map during the precritical period in the mouse visual cortex (Fig. 1b).
We show that maps of contralateral and ipsilateral eye retinotopy

rapidly mature over the 10 d after eye opening, and that this maturation
requires visual experience. Contrary to conventional views, we find that
the rate of ipsilateral eye maturation is sensitive to the pattern of
activity through the contralateral eye. Unpatterned visual experience
through a deprived contralateral eye strongly retards the refinement of
ipsilateral eye retinotopic maps, whereas removing or silencing the
contralateral eye accelerates this maturation. The susceptibility of
ipsilateral eye maps to activity through the contralateral eye demon-
strates that experience-dependent binocular competition regulates the
maturation of cortical circuitry from the moment the eyes open, long
before the onset of the classically defined critical period. Notably, the
accelerated maturation of ipsilateral eye maps in the absence of
contralateral eye activity is not seen if the ipsilateral eye is itself deprived
of patterned vision.

RESULTS

Normal maturation of cortical maps

To measure the time course for the normal maturation of cortical
retinotopy to stimuli presented through the ipsilateral and contralateral
eyes, we acquired movies of intrinsic optical signals as the mice viewed a
bar of light moving at a fixed frequency. Fourier analysis of each pixel
location’s change in reflectivity generated two maps: a magnitude map
of response amplitude at stimulus frequency and a phase map repre-
senting the time of the cortical response in the stimulus cycle?® (Fig. 2a).
Thus, the phase map is a retinotopic map of isoelevation in the visual
field. Maps were generated for mice from P13, 1-3 d after natural eye
opening, to P23, the beginning of the critical period for experience-
dependent plasticity??!. To evaluate the organization of the phase maps,
we measured ‘map scatter, the average difference in phase between each
pixel in the map and the 24 surrounding pixels. In this metric, measured
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Figure 1 Visual system of the mouse. (a) Time course of visual system
development in the mouse. Eye opening occurs around P10-P13, and the
classically defined critical period begins around P21-P23. (b) A schematic of
the mouse visual pathway. Binocular visual cortex occupies the lateral third of
the visual cortex. In adult mice, most cells in the binocular cortex receive
input from both eyes.

in degrees, less scatter is indicative of a smoother map and greater
precision in receptive field organization?2. Cortical responsiveness was
measured as the maximum pixel value in the magnitude maps.

In normal mice at P13, cortical responsiveness to visual stimulation
was weak for both eyes, but contralateral eye retinotopic maps already
showed greater organization than ipsilateral eye retinotopic maps
(P = 0.016; Fig. 2b). By P15 contralateral eye maps of magnitude
and retinotopy improved significantly relative to their values at P13
(magnitude, P = 0.0046; scatter, P = 0.040; Fig. 2c). In contrast,
ipsilateral eye maps were only marginally stronger at P15 than P13
(P = 0.040), though retinotopic maps remained poorly organized
(P = 0.053). A between-eye comparison confirmed that at P15
contralateral eye maps were stronger (P = 0.037) and better organized
(P = 0.00064) than ipsilateral eye maps. By P17, ipsilateral eye maps
improved significantly relative to their P15 values (magnitude,
P = 0.023; scatter, P = 0.0028) and were then equivalent to
contralateral eye maps (magnitude, P = 0.38; scatter, P = 0.32;
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Fig. 2b,c). Thus, ipsilateral eye maps develop more slowly than
contralateral eye maps until P17. Thereafter, we found no further
improvement in organization or peak responsiveness of ipsilateral eye
or contralateral eye maps (P > 0.14, P17 versus P19-23 pooled).

Contralateral deprivation retards map refinement

To explore whether patterned vision and binocular interactions reg-
ulate the refinement of each eye’s cortical representation, we induced a
mismatch in the pattern of activity through the two eyes by preventing
the contralateral eye from ever opening naturally. Mice were mono-
cularly deprived at P9, which is 1-3 d before eye opening. Therefore,
the contralateral eye never experienced normal vision, whereas the
ipsilateral eye opened naturally sometime between P10 and P12. At
P13, contralateral eye maps of retinotopy and responsiveness from
mice deprived of vision through this eye were indistinguishable from
those of nondeprived mice (compare Figs. 1 and 2; for scatter, P = 0.43;
for magnitude, P = 0.96). Notably, the scatter values for the contral-
ateral and ipsilateral eye retinotopic maps were indistinguishable in
contralaterally deprived P13 mice. This is quite different from what was
seen in normal mice, where scatter values are significantly lower for
contralateral eye maps compared to ipsilateral eye maps (P = 0.016;
Fig. 1b). This result suggests that the 1-3 d of visual experience between
eye opening and P13 in normal mice is probably responsible for the
better retinotopic organization of contralateral eye maps relative to
ipsilateral eye maps observed at P13.

By P15, retinotopic maps for the contralateral eye were significantly
less organized (P = 0.00045; Fig. 3a) and response amplitudes were
diminished in the contralaterally deprived mice relative to age-matched
controls (P = 0.011; Fig. 3b). Maps of contralateral eye retinotopy from
these mice slowly improved, despite continued deprivation, but
remained significantly worse than those of nondeprived animals
(P19-P23, P = 0.0084; Fig. 3a). The deficit in contralateral eye map
responsiveness was also persistent (P19-P23, P = 0.000020; Fig. 3b).
Notably, contralateral deprivation also significantly impeded the
development of ipsilateral eye cortical maps, even though vision was
normal through the ipsilateral eye (Fig. 3). From P17 to P23, maps of
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Figure 2 Time course of normal development of retinotopic maps in mouse visual cortex. (a) lllustration of the visual stimulus used to map retinotopy. The

color scale indicates the position of the stimulus bar on the monitor and the cortical region responding to this receptive field in the phase maps of isoelevation
retinotopy. For each mouse, images of cortical vasculature, phase and magnitude were obtained. The scale bar shows the response magnitude as fractional
change in reflectance over baseline reflectance (AR/R). (b) Time course of retinotopic map refinement for both eyes, flanked by example maps from a P13 and
a P23 mouse for contralateral eye (top) and ipsilateral eye (bottom). Lower scatter values indicate smoother, more organized maps. (c) Maximum response is
plotted as a function of age for both eyes. Flanking maps depict response strength from the same two mice as in b. In these and all subsequent plots, each
lightly colored, filled circle represents a single animal. Dark circles represent the mean and error bars delineate the s.e.m.; AR/R is the change in reflectance
over baseline reflectance.
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Figure 3 Contralateral deprivation retards the maturation of ipsilateral eye maps. (a) Time course of retinotopic map refinement for both eyes in contralaterally
deprived mice (monocular deprivation, MD), flanked by example maps from a P13 and a P23 mouse for deprived contralateral eye (top) and nondeprived
ipsilateral eye (bottom). (b) Maximum response is plotted as a function of age for both eyes. Flanking maps depict response strength from the same two mice
in a. Pink circles in all plots are values for individual animals. Black lines are data from normal animals shown in Figure 2. *P < 0.05 compared to normal
(two-tailed t-test). The scale bar shows the response magnitude as fractional change in reflectance over baseline reflectance (AR/R).

ipsilateral eye retinotopy were significantly less organized and less
responsive than in age-matched controls (scatter: P17, P = 0.014;
P19-P23, P = 0.0061, Fig. 3a.; magnitude: P17, P = 0.041; P19-P23,
P = 0.00047, Fig. 3b).

Contralateral enucleation accelerates map refinement

To examine whether the effects of contralateral eye deprivation on
ipsilateral eye maps are due to alterations in the pattern of activity
through the contralateral eye or in the total activity through the
contralateral eye, we enucleated the contralateral eye at P9, before eye
opening but after the majority of retinogeniculate and thalamocortical
projections have developed®>?*. The organization of ipsilateral eye
retinotopic maps in contralaterally enucleated mice was significantly
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Figure 4 Removing or silencing the contralateral eye accelerates the maturation of
ipsilateral eye maps. (a) Time course of retinotopic map refinement for the ipsilateral

eye in contralaterally enucleated (monocular enucleation, ME) mice, flanked by

improved at P15 relative to normal (P = 0.0077) or contralaterally
deprived (P = 0.015) mice (Fig. 4). This accelerated maturation was
not matched by an accelerated development of response magnitude
(Fig. 4b). To confirm that the accelerated maturation of ipsilateral eye
retinotopy resulted from an absence of contralateral eye activity rather
than an injury artifact of enucleation, we performed a separate set of
experiments in which we silenced contralateral eye activity from P9 to
P15 with daily injections of 2-amino-4-phosphonobutyric acid
(APB)*. As with contralateral enucleation, pharmacologically
silencing the contralateral eye significantly accelerated the matu-
ration of ipsilateral eye retinotopic maps relative to that of
normal (P = 0.0060) or contralaterally deprived mice (P = 0.0073;
Fig. 4c,d).
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example maps from a P13 and a P23 mouse. Data from P15 mice that received daily
intraocular injections of APB are shown in green. (b) Maximum response is plotted as a
function of age. Flanking maps depict response strength from the same two mice in a.
Black lines are data from normal animals shown in Figure 1. Again, data from P15
APB mice are shown in green. Light blue circles are values for individual animals with
contralateral eye; light green circles are values for individual animals with APB.
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Figure 5 Patterned visual experience is required for retinotopic map
development. (a) Example retinotopic maps from mice in which the
contralateral eye was enucleated (ME data are from Fig. 3) or, in addition, the
ipsilateral eye was deprived. (b) Quantification of scatter and peak response
of all maps from P15 mice in both conditions shown in a. *P < 0.05
compared to normal. The scale bar shows the response magnitude as
fractional change in reflectance over baseline reflectance (AR/R).

Patterned vision is required for normal map refinement

In contralaterally enucleated mice, ipsilateral eye retinotopic maps were
as poorly organized at P13 as in control animals, despite 4 d of activity
in the absence of any competition from the contralateral eye. This
suggested to us that the pattern of visual experience, rather than an
absolute difference in activity between the two eyes?, drives compe-
titive plasticity at these young ages. To examine this, we enucleated the
contralateral eye at P9 and prevented the ipsilateral eye from opening
naturally until P15, when ipsilateral eye retinotopy is well organized in
contralaterally enucleated mice (Fig. 4a). In these animals, the deprived
ipsilateral eye is the only input to area V1. Maps of ipsilateral eye
retinotopy were significantly less organized in these mice than in
contralaterally enucleated mice with normal ipsilateral eye vision
(P = 0.0033; Fig. 5a,b). However, the magnitudes of intrinsic optical
signal responses in these two groups were not significantly different
(P = 0.95; Fig. 5¢), further supporting a dissociation between cortical
activity and retinotopic map maturation. These observations support
an instructive function for patterned vision in the maturation of
ipsilateral eye retinotopic maps.

DISCUSSION

The data we present here support three main conclusions. First,
experience-dependent binocular competition drives map refinement
from eye opening. Decorrelating the spatiotemporal patterns of con-
tralateral and ipsilateral eye activity by contralateral eye lid suture
retarded the refinement of ipsilateral eye maps even though the
ipsilateral eye experienced normal vision (Fig. 3). Removing contral-
ateral eye activity by enucleation accelerated ipsilateral eye map refine-
ment (Fig. 4). These observations challenge the conventionally held
view that experience-dependent plasticity begins in the fourth post-
natal week!, This view is derived largely from single-unit electro-
physiology recordings of ocular dominance, which measure the relative
responsiveness of each recorded cell to stimulation through each eye.
We show that contralateral eye deprivation prevents the strengthening
of cortical responses to visual stimulation not only through the
contralateral eye, but through the open ipsilateral eye as well. Therefore,
a ratiometric analysis of ocular dominance may miss the competitive
plasticity we report here.

Second, binocular competition during the precritical period is not
mediated by the relative strength of each eye’s input. Contralateral eye
deprivation degrades cortical responsiveness to this eye, and yet the
ipsilateral eye is less capable of refining its cortical representation,
despite facing a weaker competitor (Fig. 3). Furthermore, depriving the
ipsilateral eye of patterned vision impedes map refinement, even in the
absence of any activity from the contralateral eye, as in the case of
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Figure 6 Well-organized, low-scatter retinotopic maps can be detected even
when the maximum response magnitude is low. The map scatter values for all
mice are plotted versus the maximum response magnitudes for the associated
magnitude maps. The density of points in the lower left corner demonstrates
that the imaging paradigm employed can detect well-organized, low-scatter
maps even when the maximum response magnitude is weak.

contralateral eye enucleation (Fig. 5). Instead of purely activity-based
competition, our data support a model of correlation-based Hebbian
plasticity, in which inputs from the two eyes compete temporally to
regulate the firing of binocular cortical neurons?®®. In this model,
ipsilateral eye inputs rapidly strengthen where they are coactive with
contralateral eye inputs, or in enucleated animals lacking contralateral
eye inputs. In binocular zones, this model predicts that rapidly
maturing contralateral eye inputs serve as a template for ipsilateral
eye maturation, aligning the two eyes’ maps. In circumstances where
the activity of the two eyes is of equal strength but uncorrelated, there is
no clear ‘teacher’ or ‘student’. In the case of contralateral lid suture,
unpatterned activity through the deprived contralateral eye impedes
the refinement of contralateral eye maps but also decorrelates contral-
ateral and ipsilateral eye activities. This forces the ipsilateral eye inputs
to drive cortical spiking on their own, without the aid of a ‘teacher’
Although immature ipsilateral eye inputs can drive cortical responses
by themselves, as evidenced by their rapid refinement following
contralateral enucleation, the ‘noise’ source from the deprived con-
tralateral eye degrades the temporal correlation between ipsilateral eye
afferent activity and cortical spiking, thus slowing the refinement of
ipsilateral eye retinotopic maps. Notably, the plasticity we report
here precedes the maturation of cortical inhibitory circuitry>®%.
Correlation-based plasticity?® does not require inhibition?®2%, though
inhibition would be expected to augment this plasticity mechanism by
enabling well-timed responses.

Third, the quality of sensory experience profoundly affects the
refinement of cortical receptive fields. Degrading patterned vision in
either eye by lid suture prevented the normal maturation of that eye’s
cortical maps of retinotopy and responsiveness (Figs. 3 and 5). Similar
findings have been reported with binocular manipulations in ferrets’.
Dark rearing, which deprives the cortex of all visually driven activity,
mildly impedes the normal maturation of orientation tuning in this
system. In contrast, binocular deprivation, which alters the temporal
and spatial characteristics of visual experience, prevents the maturation
of orientation tuning. Our results support the conclusion that the
quality, rather than the quantity, of sensory experience determines
cortical maturation.

Our results extend prior studies of the detrimental impact of noise
on cortical circuit refinement’*? to include noise competing with
patterned inputs. We provide the first evidence that poorly patterned
activity through the deprived eye inhibits not only the refinement of the
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retinotopic map of the deprived eye’!, but also that of the nondeprived
eye that is experiencing unimpeded vision. This speaks to a controversy
regarding the treatment of anisometropic amblyopes. These individuals
have eyes with mismatched resolving powers, resulting in neural
circuitry that ignores visual information from one eye. Treatment of
amblyopic infants typically involves occluding the dominant eye or
blurring vision through this eye with atropine, with the goal of
providing a competitive edge to the weaker eye and enabling it to
increase its cortical territory. These approaches may retard the estab-
lishment of proper cortical circuitry for the weaker eye. Applying
corrective optics may be a better therapeutic strategy>>34,

METHODS

Optical imaging. Mice (C57/Bl6, Taconic) were anesthetized with halothane
(5% for induction, 1-2% for maintenance) and mounted in a stereotaxic
frame. The eyes were covered with silicon oil. The scalp covering the right
occipital cortex was resected and the skull covered with agar and a glass
coverslip. The preparation was illuminated with 700-nm light and imaged
with a tandem lens macroscope defocused 600 pm into the brain. Images
were acquired with a 12-bit CCD camera (Dalsa 1M30), frame grabber
(Matrox Meteor II/Dig) and custom software. The visual stimulus was a white
horizontal bar, 1-2 degrees in height, which drifted up or down at 0.125 Hz on
a black background. An 8-min-long movie was taken for each direction
and each eye, for a total of four movies. Acquisition was at 30 frames per
second, and the 12-bit frames were binned in software four times temporally
and 2 x 2 spatially, resulting in 16-bit image files. From movies of these
16-bit files, Fourier analysis of each pixel column generated maps of magni-
tude and phase at 0.125 Hz?’. Scatter was computed on phase maps that
were corrected for hemodynamic delay using time reversal?®?2. The region of
interest was defined using the magnitude map after it had been smoothed using
a 5 x 5 Gaussian filter. All pixels that had magnitude values >60% of the
maximum magnitude value in the smoothed map were included in the scatter
calculation. The phase value for each pixel in the masked phase map was
compared to the average of its neighbors in a 5 x 5 box, and the average
difference for each map was calculated. In practice, this method is capable
of detecting retinotopic maps even when response magnitude is weak
(Fig. 6). Maximum magnitude values were taken from unfiltered magni-
tude maps.

Surgery. All manipulations took place or were initiated at P9, which is
1-3 d before eye opening. Mice were lightly anesthetized with ketamine and
xylazine or isoflurane. For monocular deprivation, the left eye was covered
with a liquid bandage (NewSkin, Medtech) to prevent natural eye opening.
For monocular enucleation, the conjectiva was trimmed, the eyeball dis-
placed from the socket and the optic nerve tied off with 6-0 suture. The
optic nerve was then cut and the eyeball was removed. Antibiotic ointment
was placed in the orbit and the eyelid was sutured closed. Monocular
enucleated mice received daily injections of carprofen analgesic for 2 d after
surgery. All procedures involving the handling and use of mice for
these experiments were approved by the University of California Los Angeles
Office for Protection of Research Subjects and the Chancellor’s Animal
Research Committee.

APB injections. Mice were anesthetized with isoflurane. Intravitreal injections
of APB were made posterior to the scleral margin using a 33-gauge Hamilton
syringe to achieve a retinal concentration of 3.5 mM?% The efficacy of this
concentration was verified by imaging cortical responses in P17 mice, then
injecting APB. APB-injected mice showed an immediate loss of cortical
responsiveness to visual stimulation.

Statistics. The two-tailed #-test and the Bonferroni correction for multiple
comparisons (in Fig. 4d) were used to compute significance. All time points
are represented by animals from at least two different litters. Paired t-tests
were used when comparing ipsilateral eye maps to contralateral eye maps in
control animals.
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