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Sakai, E., H. Bi, I. Maruko, B. Zhang, J. Zheng, J. Wensveen,
R. S. Harwerth, E. L. Smith III, and Y. M. Chino. Cortical effects
of brief daily periods of unrestricted vision during early monocular
form deprivation. J Neurophysiol 95: 2856-2865, 2006. First pub-
lished February 1, 2006; doi:10.1152/jn.01265.2005. Experiencing
daily brief periods of unrestricted vision during early monocular form
deprivation prevents or reduces the degree of resulting amblyopia. To
gain insight into the neural basis for these “protective” effects, we
analyzed the monocular and binocular response properties of individ-
ual neurons in the primary visual cortex (V1) of macaque monkeys
that received intermittent unrestricted vision. Microelectrode-record-
ing experiments revealed significant decreases in the proportion of
units that were dominated by the treated eyes, and the magnitude of
this ocular dominance imbalance was correlated with the degree of
amblyopia. The sensitivity of V1 neurons to interocular spatial phase
disparity was significantly reduced in all treated monkeys compared
with normal adults. With unrestricted vision, however, there was a
small but significant increase in overall disparity sensitivity. Binocular
suppression was prevalent in monkeys with constant form deprivation
but significantly reduced by the daily periods of unrestricted vision. If
neurons exhibited consistent responses to stimulation of the treated
eye, monocular response properties obtained by stimulation of the two
eyes were similar. These results suggest that the observed protective
effects of brief periods of unrestricted vision are closely associated
with the ability of V1 neurons to maintain their functional connections
from the deprived eye and that interocular suppression in V1 may play
an important role in regulating synaptic plasticity of these monkeys.

INTRODUCTION

The normal maturation of binocular mechanisms in our
visual brain requires precise matching of the images in the two
eyes. Such interocular image matching, which supports corre-
lated visual signals from the two eyes to the visual brain,
depends on normal eye alignment, coordinated eye move-
ments, and unrestricted vision in both eyes. At birth, the basic
sets of connections in the primary visual cortex (V1) of
primates are present (Horton and Hocking 1996) and qualita-
tively adultlike soon after birth (Chino et al. 1997; Zhang et al.
2005a). However, the functional maturation of cortical binoc-
ular mechanisms critically depends on normal visual experi-
ence early in life and binocular imbalances or interocular
decorrelation of cortical input signals shortly after birth is
known to cause binocular vision disorders and often amblyopia
(for reviews, see Chino et al. 2004; Kiorpes and Movshon
2003). Amblyopia is traditionally considered to be a develop-
mental disorder of spatial vision, e.g., a loss of visual acuity

and contrast sensitivity typically in one eye, but more complex
deficits in perceptual tasks that require spatial integration over
a large area (such as contour integration) have been reported in
recent years (Hess et al. 1997, 2001; Kovacs et al. 1999;
Kozma and Kiorpes 2003).

Pinning down the exact neural alterations underlying am-
blyopia has been elusive (Kiorpes and McKee 1999; Kiorpes
and Movshon 2003; Kiorpes et al. 1998; Levi and Klein 2003).
Prevalent hypotheses on the neural basis for the loss of visual
acuity and contrast sensitivity in amblyopic subjects include a
reduced proportion of cortical neurons that are driven or
dominated by the amblyopic eye and/or the degradation of
spatial filter properties of individual V1 neurons that are
dominated by the amblyopic eye (Chino et al. 1983, 1991;
Kiorpes and Mckee 1999; Kiorpes et al. 1998; Levi and Klein
2003; Movshon et al. 1987; Smith et al. 1997b). No clear
consensus has been reached as to the extent of spatial filter
deficits in animal studies. However, the nature of abnormal
visual experience during early development (such as monocu-
lar form deprivation, anisometropia, or strabismus) has a large
impact on how the functional circuits of the visual brain are
reorganized and what is the nature of perceptual deficits that
manifest (Kiorpes and McKee 1999; Kiorpes and Movshon
2003; Levi and Klein 2003).

Experiencing early monocular form deprivation leads to a
severe reduction of visual sensitivity in the deprived eye
(form-deprivation amblyopia) and a dramatic shift in the ocular
dominance distribution of V1 units in favor of the nondeprived
eye (for reviews see Kiorpes and McKee 1999; Kiorpes and
Movshon 2003). However, recent studies have demonstrated
that daily brief periods of unrestricted vision during monocular
form deprivation can prevent or greatly reduce the degree of
resulting amblyopia in monkeys (Smith et al. 2002; Wensveen
et al. 2005) and in cats (Mitchell et al. 2003). To understand the
cortical mechanisms that are responsible for the observed
“protective effects” of daily brief periods of unrestricted vision
during form deprivation, we conducted microelectrode-record-
ing experiments in V1 of monkeys that demonstrated behav-
iorally confirmed protective effects of unrestricted vision. Spe-
cifically we quantitatively examined the ocular dominance
index and the characteristics of binocular signal interactions to
define the binocular response alterations, and the spatial fre-
quency and orientation tuning functions to determine whether
spatial filter properties of individual neurons were altered. We
asked which of these cortical response properties could best
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PROTECTIVE EFFECTS OF UNRESTRICTED VISION

explain both the observed behavioral loss of visual sensitivity
and the protective effects of unrestricted vision.

Another important question we asked was whether there was
any functional or cortical recovery for the deprived eye in
monkeys that experienced constant form deprivation if depri-
vation began a few weeks after birth (but not at birth) and
normal binocular unrestricted vision was restored during the
critical period of vision development in monkeys. Previous
studies in ferrets and cats reported a robust recovery of cortical
binocularity under similar conditions (Kind et al. 2002; Liao et
al. 2004; Mitchell and Gingras 1998; Mitchell et al. 2001). In
monkey V1, recovery of the functional connections from the
deprived eye after monocular deprivation was possible only if
reverse deprivation was imposed during the early segments of
the critical period in monkeys (Blakemore et al. 1981). Re-
solving these apparently conflicting observations are important
in our understanding of the cortical mechanisms underlying
amblyopia in primates and also the protective effects of brief
periods of unrestricted vision. We found that constant monoc-
ular form deprivation results in a large shift in ocular domi-
nance distribution in favor of the nondeprived eye and also a
severe amblyopia of the deprived eye (i.e., little or no recov-
ery), but that only 1 h of unrestricted vision every day during
the deprivation period dramatically improved contrast sensi-
tivity of the deprived eye and reduced the ocular dominance
imbalance in V1. Preliminary data were previously reported in
abstract form (Watanabe et al. 2004).

METHODS

All experimental and animal care procedures were in compliance
with the Guiding Principles for Research Involving Animals and
Human Beings and were approved by the Institutional Animal Care
and Use Committee of the University of Houston.

Subjects

The details of the rearing procedures were previously described
(Smith et al. 2002; Wensveen et al. 2005). Briefly, infant monkeys
between 3 and 18 wk of age wore a helmet that secured a diffuser
spectacle lens in front of one eye and a plano lens in front of the other
eye. The diffuser lens consisted of a plano carrier lens that was
covered with a commercially available occlusion foil. Measurements
of spatial contrast sensitivity revealed that these diffuser lenses re-
duced the contrast sensitivity of normal adult humans by more than 1
log unit for grating spatial frequencies of 0.125 c/deg, with a cutoff
spatial frequency near 1.0 c/deg. The rearing regimen included a daily
period of unrestricted vision for 0 (n = 2), 1 (n = 3),2 (n = 2), or 4
(n = 2) h. The lens removal occurred near the midpoint of the normal
12-h lighting cycle. The experimental monkeys experienced unre-
stricted vision between birth and 3 wk of age, and between the end of
the rearing period (18 wk of age) and the microelectrode recording
experiments (around 4 yr of age). Assessment of the eye alignment
indicated that all of the experimental monkeys were orthotropic.

Behavioral testing

When the monkeys were =18 mo of age, spatial contrast sensitivity
functions were determined for each eye using operant procedures
(Harwerth et al. 1980; Smith et al. 1985; Wensveen et al. 2005).
Substantial portions of the behavioral data were published elsewhere
(Wensveen et al. 2005).
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PREPARATION. The surgical preparation and recording procedures
were described in detail elsewhere (Chino et al. 1997; Smith et al.
1997a). Briefly, the monkeys were anesthetized initially with an
intramuscular injection of ketamine hydrochloride (15-20 mg/kg) and
acepromazine maleate (0.15-0.2 mg/kg). A superficial vein was
cannulated and all subsequent surgical procedures were carried out
under sodium thiopental anesthesia. A tracheotomy was performed to
facilitate artificial respiration and, after securing the subjects in a
stereotaxic instrument, a small craniotomy and durotomy were made
over the operculum of V1. After all surgical procedures were com-
pleted, the animals were paralyzed by an intravenous injection of
pancuronium bromide (a loading dose of 0.1-0.2 mg/kg followed by
a continuous infusion of 0.1-0.2 mg * kg~' + h™") and artificially
ventilated with a mixture of 59% N,O, 39% O,, and 2% CO.,.
Anesthesia was maintained by the continuous infusion of sodium
pentobarbital (2-4 mg - kg~ ' - h™"). Core body temperature was kept
at 37.6°C. Cycloplegia was produced by the topical instillation of 1%
atropine and the animals’ corneas were protected with rigid gas-
permeable, extended-wear contact lenses. Retinoscopy was used to
determine the contact lens parameters required to focus the eyes on
the stimulus screens.

RECORDING AND VISUAL STIMULATION. A typical penetration (an-
gled) was made in each hemisphere within the region representing the
central 5-6°. Each penetration in V1 began at the surface and ended
when the electrode entered the white matter. Thus we typically
sampled through V1 at steps of about 100 wm for a distance of
2.0-2.5 mm. This sampling method was similar for all monkey
groups (see Fig. 2). Tungsten-in-glass microelectrodes were used to
isolate the activity from individual cortical neurons. Action potentials
were extracellularly recorded and amplified using conventional tech-
nology. For each isolated neuron, the receptive fields for both eyes
were mapped and its ocular dominance was initially determined using
handheld stimuli (Hubel and Wiesel 1962). All receptive fields were
located within 6.0° of the center of the fovea.

The visual stimuli were generated using Vision Research Graphics
(VRG) software on a monochrome monitor (frame rate = 140 Hz;
800 X 600 pixels, mean luminance 50 cd/m?). Responses to drifting
sine-wave gratings (3.1 Hz, 30-40% contrast) were measured to
determine the orientation and spatial frequency tuning functions for
each unit (Fig. 1, A and B). Cells were classified as simple or complex
on the basis of the temporal characteristics of their responses to a
drifting sine-wave grating of the optimal spatial frequency and orien-
tation (Skottun et al. 1991).

Data analysis

ORIENTATION TUNING. The optimal orientation and orientation
bandwidth for each receptive field were determined by fitting the
orientation tuning functions with wrapped Gaussian functions (Swin-
dale 1998)

G(6) =m, E exp[ — (6 — m, + 180n)%/(2m3)]

n=—o

where 6 is orientation, m, is amplitude, m, is preferred orientation,
and m; is SD of the Gaussian function.

SPATIAL FREQUENCY TUNING. To determine each cell’s optimal
spatial frequency and spatial resolution, the spatial frequency-re-
sponse data were fitted with Gaussian functions (DeAnglis et al. 1993)

G(mg) = mexp[ — (m, — mz)z/(ng)]

where m, is spatial frequency, m, is amplitude, m, is optimal spatial
frequency, and m; is SD of the Gaussian function. Spatial resolution
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FIG. 1.

Example tuning functions of a primary visual cortex (V1) neuron from a normal adult monkey. A: direction/orientation tuning. B: spatial frequency

tuning. C: binocular phase tuning. Open circles in A and B: right eye and filled circles: left eye. BII, binocular interaction index; Peak B/M, peak binocular
response amplitude/monocular response amplitude. Dotted line indicates the mean binocular response amplitude.

of each unit was determined by locating the highest spatial frequency
that evoked responses significantly higher than the average spontane-
ous firing of the unit (i.e., > %2 SD).

OCULAR DOMINANCE. The ocular dominance index (ODI) of a
neuron was determined with the following formula (Chino et al. 1997;
Smith et al. 1997a): ODI = (R; — noise)/(R, — noise) + (R; — noise),
where R; is the peak response amplitude for ipsilateral eye stimula-
tion, R, is the peak response amplitude for contralateral eye stimula-
tion, and noise is the spontaneous activity. ODI values range from 0.0
(contralateral response alone) to 1.0 (ipsilateral response alone), with
0.5 indicating perfect binocular balance.

BINOCULAR INTERACTIONS. To determine the strength and the na-
ture of binocular interactions, responses were collected for dichoptic
sine-wave gratings of the optimal spatial frequency and orientation as
a function of the relative interocular spatial phase disparity of the
grating pair (Fig. 1C). The sensitivity to relative interocular spatial
phase disparities was quantified using a binocular interaction index
that was calculated from the sine function fit to the binocular phase
tuning data (BII = amplitude of the fitted sine wave/the average
binocular response amplitude) (Ohzawa and Freeman 1986; Smith et
al. 1997a). To characterize whether binocular signal interactions were
facilitatory or suppressive in nature, the peak binocular response
amplitude/dominant monocular response amplitude ratios (Peak B/M
ratios) were calculated for each unit and expressed in terms of relative
strength (db), i.e., 10 log Peak B/M. Negative Peak B/M values
signify binocular suppression and positive values indicate binocular
facilitation.

Histology

At the end of each penetration, small electrolytic lesions (5 pA, 5s,
electrode negative) were made at three points along the track in V1 for
later reconstruction. Experiments were terminated by administering an
overdose of sodium pentobarbital (100 mg/kg) and the animals were
killed by perfusion through the heart with an aldehyde fixative. Frozen
sections were stained for Nissl substance and cytochrome oxidase.
The laminar distribution of individuals units, obtained by a method
similar to that in our previous study (Endo et al. 2000), indicated that
our sampling was uniform and similar in all subject groups with
respect to cortical layers (Fig. 2).

RESULTS
Unrestricted vision and contrast sensitivity functions

The representative spatial contrast sensitivity functions in
Fig. 3 demonstrate the clear-cut behavioral benefits of unre-
stricted vision during the period of monocular form depriva-
tion. As previously reported (e.g., Harwerth et al. 1981), the
deprived eyes of a monkey reared with continuous monocular
form deprivation (Fig. 3B) exhibited severe losses of contrast
sensitivity and, as a result, only low spatial frequency gratings
of high contrasts (<1.0 c/deg) were detected by the treated
eyes of these monkeys. However, with only 1 h of unrestricted
vision during the deprivation period, there was a dramatic
increase in the contrast sensitivity of the deprived eye (Fig.
3C). Two hours of unrestricted vision further improved the
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FIG. 2. Laminar distributions of individual V1 neurons in normal monkeys (A), monocularly form deprived monkeys with 0 h (B), 1 h (C), 2 h (D), and 4 h

(E) of unrestricted vision during the daily 12-h deprivation period.
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FIG. 3. Mean contrast sensitivity (*1 SD) as a function of stimulus spatial frequency for the left (open circles) and right (filled circles) of a normal monkey

(A), monocularly form deprived monkeys with 0 h (B), 1 h (C), 2 h (D), and 4 h (E) of unrestricted vision during the daily12-h deprivation period.

contrast sensitivity of the deprived eye (Fig. 3D) and 4 h of
unrestricted vision eliminated interocular differences in con-
trast sensitivity (Fig. 3E).

Ocular dominance imbalance

Varying the duration of the period of unrestricted vision
during monocular form deprivation resulted in graded in-
creases of the proportion of V1 units dominated by the treated
eye (Fig. 4). The severely amblyopic monkeys that were reared
with continuous monocular form deprivation (Fig. 4B) showed
obvious shifts of ocular dominance in favor of the nondeprived
eyes (chi-square [x°] test, P < 0.001, against all groups).
However, with 1 h of unrestricted vision, this imbalance in
ocular dominance between the treated and nontreated eyes
became significantly smaller than that for constantly deprived
monkeys (Fig. 4C) ()(2 test, P < 0.001). The ocular dominance
distribution with 2 or 4 h of unrestricted vision was relatively
balanced between the two eyes and was not significantly
different from that in normal adults (Fig. 4, D and E) (X2 test,
P > 0.1 for both treatment groups).

The observed ocular dominance imbalance was quantified
for each treatment group by calculating the interocular ratios of
the summed ocular imbalance indices (OlIIs) for all units

(OIl = 2|0DI — 0.5 |; DeAngelis and Newsome 1999). The
OII values range from 0.0 (no imbalance) to 1.0 (complete
imbalance). Because the OII value does not indicate which eye
is dominant but it shows only the difference in relative strength
of the two eyes in driving the unit, each cell was assigned
according to ODI value to either the deprived eye (ODI <0.5)
or the nondeprived eye group (ODI =0.5). Then all OII values
for each group were summed and the interocular ratio (ROII)
was calculated for each subject group. The interocular ratios
of the summed OII values (ROIIs) for the nondeprived eye
over the deprived eye indicate the relative strength of the
nontreated and treated eyes in driving V1 neurons. The ROII
value for the monkeys reared with continuous monocular form
deprivation was 8.46 (Fig. 4B), indicating a strong dominance
shift toward the nontreated eye. With 1 h of unrestricted vision
during the period of form deprivation, the ROII value declined
to 1.97 (Fig. 4C). Two hours of unrestricted vision had no
additional effect (ROII = 2.08) (Fig. 4D). With 4 h of unre-
stricted vision, the ocular dominance distribution and the ROII
values were similar to those from normal monkeys (1.46 vs.
1.45) (Fig. 4E).

The degree of amblyopia for each treatment group, ex-
pressed as a reduction in the contrast sensitivity of the deprived
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FIG. 4. Effects of the duration of unrestricted vision during early form deprivation on ocular dominance index distribution of V1 neurons. Normal monkeys
(A), monocularly form deprived monkeys with O h (B), 1 h (C), 2 h (D), and 4 h (E) of unrestricted vision. ROII: interocular ratios of the sum of ocular imbalance
indices.
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eye relative to the nondeprived eye, was correlated with the
magnitude of the ocular dominance shift in V1 neurons, i.e.,
their ROII values (Fig. 5). The degree of amblyopia was
quantified by the interocular ratios of the area under the log
contrast sensitivity functions obtained by integrating the expo-
nential functions that were fit to the data between 0.2 c¢/deg and
the cutoff spatial frequency (Wensveen et al. 2005). Although
the correlation between the contrast sensitivity ratio and the
ROII may be analyzed on an animal-by-animal basis, interani-
mal variations in the ROIIs were too large for monkeys with 2
or 4 h of normal vision (possibly resulting from a relatively
small sample size in each monkey) to make such analysis to be
meaningful. With the larger sample size for each treatment
group, however, the correlation between behavior and physi-
ology was reasonably high (Fig. 5). Specifically, for monkeys
reared with continuous form deprivation (0 h), both the degree
of amblyopia and ocular imbalance index were strikingly large
(about 3 octaves in interocular differences). One hour of
unrestricted vision resulted in a threefold increase in contrast
sensitivity and a fourfold improvement in the ocular imbalance
index. Two hours of unrestricted vision further increased, by
twofold, the contrast sensitivity of the deprived eyes, but the
change in ocular imbalance index was smaller. Four hours of
unrestricted vision substantially decreased interocular differ-
ences in both contrast sensitivity and ocular dominance and, as
a result, virtually eliminated the behavioral and cortical effects
of monocular form deprivation. Thus the changes in the effec-
tiveness of the deprived eye to drive V1 neurons were well
correlated with the observed reductions in the degree of form
deprivation amblyopia.

Abnormal binocular signal interactions

Although experiencing brief periods of unrestricted vision
during monocular form deprivation led to more balanced ocu-
lar dominance distributions, this intervention did not maintain
all of the binocular interactions found in normal V1 neurons
(Figs. 6 and 7). In monkeys that experienced continuous
monocular form deprivation (i.e., 0 h) the sensitivity of V1
neurons to interocular spatial phase disparity, specified by the
binocular interaction index (BII), was drastically reduced both
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FIG. 5. Effects of the duration of unrestricted vision during monocular form
deprivation on spatial contrast sensitivity and ocular dominance indices of V1
neurons. Open bars: interocular ratios of the area under the log contrast sensitivity
functions obtained by integrating the exponential functions that were fit to data
points between 0.2 c/deg and the cutoff spatial frequency (Wensveen et al. 2005).
Filled bars: interocular ratios of ocular imbalance index.

J Neurophysiol « VOL 95 «

SAKAI ET AL.

QO Mean A Median
0.8 T T T T T

Simple

06 | é i

04 @
Lo 2 ®2

Complex

06 m =

Binocular Interaction Index
o
co

04 - @ @
A -
g & %

0 1 1 ! ! !
Ohour 1hour 2hour 4hour

Normal

Deprived Monkeys

FIG. 6. Effects of the duration of unrestricted vision during early monoc-
ular form deprivation on median (open triangles) and mean * SE (open
circles) binocular interaction index (BII) of simple (fop) and complex V1
neurons (bottom).

in simple and complex cells compared with those in normal
monkeys (one-way ANOVA, P < 0.001) (Fig. 6). With 1 h of
unrestricted vision, there were small but significant increases in
the phase sensitivity of both simple and complex neurons
compared with monkeys with continuous deprivation (one-way
ANOVA, P < 0.01 for simple and P < 0.001 for complex).
However, longer periods of unrestricted vision had no or little
additional effects on the phase sensitivity of simple or complex
cells and, consequently, V1 neurons in all of the form-deprived
monkeys, regardless of the duration of unrestricted vision,
showed significant reductions in disparity sensitivity compared
with normal monkeys (one-way ANOVA, P < 0.01 for simple
cells, P < 0.05 for complex cells).

Reductions in facilitatory binocular interactions and/or ab-
errant increases in suppressive binocular interactions are com-
monly observed in the visual cortices of monkeys that experi-
ence strabismus early in life (e.g., Kumagami et al. 2000; Mori
et al. 2002; Smith et al. 1997b; Zhang et al. 2005b). We
compared the amplitudes of binocular and monocular re-
sponses of individual units to determine the peak binocular
over monocular response ratios and also the percentage of units
exhibiting interocular suppression (i.e., binocular response am-
plitude < monocular amplitude) (Fig. 7).

For simple cells, the mean (£SE) peak binocular/monocular
response ratios (Fig. 7A, left) and the percentage of suppressive
units (Fig. 7B, left) for all of the treated monkey groups were
similar to those in normal monkeys (one-way ANOVA, P >
0.05; X2 test, P > 0.10). For complex cells, however, the peak
binocular/monocular response ratios were significantly re-
duced in monkeys reared with continuous form deprivation
compared with those in normal monkeys (one-way ANOVA,
P < 0.01) (Fig. 7A, right). Unrestricted vision had significant
protective effects, i.e., the mean binocular/monocular response
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ratios in monkeys with unrestricted vision were higher than
those for monkeys with continuous deprivation (one-way
ANOVA, P < 0.05 for all monkey groups with unrestricted
vision). There were no significant differences between any of
treated monkey group that were allowed unrestricted vision
and the normal monkeys (one-way ANOVA, P > 0.05).
Similarly, the proportion of binocularly suppressive complex
cells (Fig. 7B, right) was much higher in monkeys reared with
continuous form deprivation (46%) than in normal monkeys
(20%, x* test, P < 0.01). Unrestricted vision, regardless of the
duration, significantly reduced the percentage of binocularly
suppressive units over that in monkeys with continuous depri-
vation (22-23%, X2 test, P < 0.05). As a result there were no
significant differences between any of the treated monkey
groups that were allowed unrestricted vision and the normal
monkeys (X2 test, P > 0.1).

Monocular response properties of VI units

Degradation of the spatial response properties of V1 neurons
has often been speculated to be one of the major underlying
causes of amblyopia (Kiorpes and McKee 1999; Kiorpes et al.
1998; Movshon et al. 1987). Therefore we asked whether the
monocular spatial response properties of V1 neurons were
abnormal in our treated monkeys when the treated eye was
stimulated. To ensure complete interocular comparisons of
these response properties, we divided cells into three categories
according to their ocular dominance index values and the
orderliness of tuning functions (Fig. 8, A-C).

“Monocular units” (ODI = 0.0-0.2 or 0.8—1.0) had no
quantifiable responses in one eye (Fig. 84). Open squares in the
scatterplot of Fig. 9 show the optimal spatial frequency (Fig.
9A), spatial resolution (Fig. 9B), and orientation selectivity
(Fig. 90) of these individual monocular units. For those units
we determined whether there were interocular differences in
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the group means for the dominant-eye responses (filled sym-
bols along the axes in Fig. 9). There were no significant
interocular differences in the spatial or orientation tuning of
these units in any of our treated monkeys (one-way ANOVA,
P > 0.1).

A substantial percentage of units, including those in mon-
keys reared with constant monocular form deprivation, re-
sponded to stimulation of either eye (ODI = 0.3-0.7). The
majority of these units exhibited orderly tuning functions by
both eyes that could be fit with Gaussian functions (Fig. 8B).
This made possible the direct interocular comparisons of the
tuning characteristics for each unit. The open circles in the
scatterplots in Fig. 9 show the interocular comparisons of the
optimal spatial frequency (Fig. 9A), spatial resolution (Fig.
9B), and orientation selectivity (Fig. 9C) of individual binoc-
ular units (ODI = 0.3—-0.7). The mean (*SE) values for the
treated and untreated eyes for binocular units are indicated by
the filled symbols.

In the monkeys reared with constant monocular form depri-
vation, there was not an overabundance of binocular units
exhibiting higher optimal spatial frequencies (Fig. 9A) or
imbalance in the mean optimal spatial frequency in favor of the
nondeprived eye (paired t-test, P > 0.05). Also the mean
optimal spatial frequencies for monocular units were nearly the
same in both eyes for all treated monkeys. Similar results were
found for spatial resolution (paired #-test, P > 0.05) (Fig. 9B).
However, note that the mean spatial resolutions for units in
monkeys with constant form deprivation were significantly
lower in both eyes than in normal monkeys (one-way ANOVA,
P < 0.01). The interocular comparisons of orientation band-
width in each unit (Fig. 9C) yielded very similar results, i.e.,
there were no significant interocular differences in the orien-
tation tuning characteristics of neurons between any monkey
group (paired t-test, P > 0.1).
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functions of V1 neurons from treated monkeys. A: monocular
unit. B: binocular unit with orderly tuning in both eyes. C:
binocular unit with inconsistent tuning in one eye. D: frequency
histogram illustrating the proportion of units with inconsistent
tuning in the treated eye (filled bars) and untreated eyes (open
bars). Note that no units were found in normal V1.
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A small percentage of binocular units in the treated monkeys
(10-20%) had inconsistent tuning in one eye that could not be
fit with any function and therefore interocular comparisons
were not possible in these units (Fig. 8C). In monkeys reared
with constant form deprivation (0 h), these inconsistent tuning
functions were more frequently encountered when the deprived
eye was stimulated (Fig. 8D).

DISCUSSION

The main findings of this study were that the severity of
amblyopia and the “protective” effects of unrestricted vision
during monocular form deprivation were correlated with the
magnitude of the ocular dominance imbalance of V1 neurons,
and that the monocular responses to stimulation of the treated
eye were largely normal when the firing rates of a neurons were
significantly above the noise levels.

The latter finding is somewhat surprising in light of the
previous reports that the spatial filter properties of V1 neurons
were degraded in the treated eyes of monkeys reared with
chronic monocular atropinization (Movshon et al. 1987) and in
the treated eyes of monkeys that experienced surgically im-
posed strabismus and/or optically induced anisometropia early
in life (Kiorpes et al. 1998). Although we found a relatively
small number of cells that had degraded spatial filter properties
in monkeys reared with constant form deprivation (Fig. 8, C
and D), these units were the exceptions (8/47 in constantly
deprived monkeys) and were not likely to have been a primary
cause of amblyopia in these monkeys. As previously pointed
out, differences in the nature of abnormal visual experience
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during early development have a large impact on how the
functional circuits of the visual brain are reorganized and the
nature of manifest perceptual deficits. It is important to recog-
nize that in monocularly form deprived monkeys the deprived
eye is put at a competitive disadvantage at the onset of
deprivation and the resulting loss of the functional connections
from the deprived eyes are rapid and overwhelming (e.g., in
monkeys: Blakemore and Vital-Durand 1981; in cats: Tracht-
enberg et al. 2000). In contrast, the functional connections in
V1 for the treated eyes of either anisometropic or strabismic
monkeys are rarely lost, although the percentage of binocularly
driven V1 units are drastically reduced in those monkeys
(Kiorpes et al. 1998; Kumagami et al. 2000; Mori et al. 2002;
Smith et al. 1997b; Zhang et al. 2003). Thus the long-term blur
in the treated eyes of anisometropic and strabismic monkeys
may degrade the spatial properties of V1 units rather than
rapidly disconnecting the input from the disadvantaged eye.
Interestingly, a consensus is emerging that the monocular
spatial filter deficits in V1 neurons are relatively small even for
anisometropic or strabismic amblyopia, and that there are far
more severe alterations in neurons beyond V1 that may corre-
late better with the perceptual abnormalities associated with
amblyopia (Kiorpes and McKee 1999; Kiorpes et al. 1998).

Significance of normal vision before deprivation

In monocularly form deprived ferrets, the binocularity and
orientation selectivity of V1 neurons were restored by experi-
encing normal binocular vision during or even after the critical
period of cortical binocularity (i.e., without reverse depriva-
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FIG. 9. Effects of the duration of unrestricted vision during early monocular form deprivation on the monocular response properties of V1 neurons. Interocular
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tion) only if these ferrets experienced normal binocular vision
before the early monocular form deprivation (Liao et al. 2002,
2004). However, the same investigators found little or no
recovery if monocular deprivation began at eye opening, al-
though “normal” binocular visual experience was allowed
during the critical period of binocular vision for ferrets.
Thus brief periods of normal visual experience before the onset
of abnormal visual experience appear to be a fundamental
requirement for the potential recovery from monocular depri-
vation.

Apparently normal binocular visual experience before form
deprivation firmly establishes “some sort of marker” of the
functional connections in V1 that are present before or at birth
and such markers, which were presumably “suppressed” by
monocular form deprivation, are reactivated by subsequent
“normal visual experience” (Chalupa 2004). Also these obser-
vations in ferrets were interpreted as evidence for the existence
of “different mechanisms for the loss and recovery of binocu-

larity in visual cortex” (in cats: Kind et al. 2002; in ferrets:
Liao et al. 2002) and challenged the classic theory of compet-
itive synaptic mechanisms for ocular dominance plasticity
(Blakemore et al. 1981; Wiesel and Hubel 1965). However, in
our monkeys that were reared with constant monocular form
deprivation from 3 wk of age, cortical binocularity did not
recover, although normal unrestricted vision was restored dur-
ing the height of the critical period of binocular vision in
monkeys (Harwerth et al. 1983). These contrasting results
between ferrets and monkeys highlight the potential impor-
tance of species differences in the maturational status of visual
cortex at birth (Chino et al. 1997; Horton and Hocking 1996;
Issa et al. 1999) and of cortical plasticity near birth.

There is another reason for the significance of normal vision
before the deprivation for our monkeys. Specifically form
deprivation from birth (e.g., alternating monocular form depri-
vation or binocular deprivation) is known to produce strabis-
mus in monkeys (Mustari et al. 2001). Persistent ocular mis-
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alignment would drastically reduce or eliminate the possibility
of functional recovery (e.g., Kind et al. 2002). In this study,
monocular form deprivation was activated at around 3 wk of
age. This rearing strategy prevented our infant monkeys from
developing ocular misalignments and allowed binocularly cor-
related input signals to V1 during the brief daily periods of
unrestricted vision.

Mechanisms underlying protective effects

The simplest explanation for the observed protective effects
on behavior and V1 neurophysiology is that brief periods of
daily unrestricted vision reinforced the integrity of the func-
tional connections from the deprived eye by providing binoc-
ularly correlated inputs to individual V1 neurons. In this
respect, our results on binocular suppression provide an im-
portant insight into the observed protective effects. We found
that, although constant form deprivation resulted in a high
prevalence of binocular suppression in V1, 1 h of daily unre-
stricted vision dramatically reduced this suppression (Fig. 7).
Thus this reduction of binocular suppression brought about by
brief periods of unrestricted vision was apparently a key neural
factor in “reactivating” the functional connections from the
deprived eye. When the strength of suppression is reduced to a
certain level (a “threshold” level), normal visual input by the
deprived eye is permitted to exert protective effects, i.e.,
strengthening the functional connections for periods of time
each day.

Because the treated monkeys experienced over 3 yr of
“normal” vision following the diffuser lens-rearing regimen
(during which behavioral testing was given for 2 yr), sponta-
neous “recovery” after the lens rearing may have caused an
overestimation of the protective effects of brief daily unre-
stricted vision. However, the effects of posttreatment normal
vision, if any, are likely to have been negligible. The periods of
unrestricted visual experience after the lens treatment were the
same for all treatment groups, including monkeys that experi-
enced continuous monocular form deprivation. Moreover, we
previously found in monkeys reared with early optical strabis-
mus that over 3 yr of normal visual experience after the
removal of prisms resulted in little or no significant recovery in
the binocular response properties of V1 neurons (see Kum-
agami et al. 2000; Mori et al. 2002; Smith et al. 1997b; Zhang
et al. 2005b). Although the nature of early binocular imbalance
is different between the present and previous studies, our
earlier results support the conclusion that the “protective ef-
fects” of brief normal vision in this study were largely unaf-
fected by potential spontaneous recovery.

Functional implications

The results of this study have important implications for
infant vision development. Our results suggest that, although
continuous monocular form deprivation during the critical
period, even for short periods, can cause a severe amblyopia
(Harwerth et al. 1981, 1986), only a few hours of daily
unrestricted vision during form deprivation can prevent or
substantially reduce the degree of amblyopia. Our results imply
that lifting a drooping eyelid or having infants with a severe
case of anisometropes wear corrective lenses for even brief
periods every day may have substantial beneficial effects
(Wensveen et al. 2005).

SAKAI ET AL.

Although intermittent, brief periods of normal binocular
vision are very beneficial in preventing amblyopia, the results
from our binocular interaction experiments (Figs. 6 and 7)
suggest that fine binocular vision (e.g., stereopsis) was not
likely to have been spared even with 4 h of unrestricted vision.
Our experimental monkeys were not behaviorally tested for
stereoacuity or for the binocular summation of contrast sensi-
tivity. It is important to note that even 4 h of daily unrestricted
vision, although sufficient to maintain a near normal ocular
dominance distribution, did not prevent the breakdown of the
cortical circuits that are necessary for disparity sensitivity or
normal binocular facilitation. These results highlight the ex-
tremely fragile nature of developing binocular cortical circuits
soon after birth (Kumagami et al. 2000; Mori et al. 2002; Smith
et al. 1997b; Zhang et al. 2005b).
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