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PURPOSE. Providing brief daily periods of unrestricted vision
during early monocular form deprivation reduces the depth of
amblyopia. To gain insights into the neural basis of the bene-
ficial effects of this treatment, the binocular and monocular
response properties of neurons were quantitatively analyzed in
visual area 2 (V2) of form-deprived macaque monkeys.

METHODS. Beginning at 3 weeks of age, infant monkeys were
deprived of clear vision in one eye for 12 hours every day until
21 weeks of age. They received daily periods of unrestricted
vision for 0, 1, 2, or 4 hours during the form-deprivation
period. After behavioral testing to measure the depth of the
resulting amblyopia, microelectrode-recording experiments
were conducted in V2.

RESULTS. The ocular dominance imbalance away from the af-
fected eye was reduced in the experimental monkeys and was
generally proportional to the reduction in the depth of ambly-
opia in individual monkeys. There were no interocular differ-
ences in the spatial properties of V2 neurons in any subject
group. However, the binocular disparity sensitivity of V2 neu-
rons was significantly higher and binocular suppression was
lower in monkeys that had unrestricted vision.

CONCLUSIONS. The decrease in ocular dominance imbalance in
V2 was the neuronal change most closely associated with the
observed reduction in the depth of amblyopia. The results
suggest that the degree to which extrastriate neurons can
maintain functional connections with the deprived eye (i.e.,
reducing undersampling for the affected eye) is the most sig-
nificant factor associated with the beneficial effects of brief
periods of unrestricted vision. (Invest Ophthalmol Vis Sci.
2011;52:7222–7231) DOI:10.1167/iovs.11-7856

The developing visual system is exquisitely sensitive to deg-
radation of retinal images. Depriving one eye of clear

vision soon after birth results in a severe loss of visual sensi-
tivities in the affected eye (form-deprivation amblyopia).1–7

However, recent studies in nonhuman primates showed that

the magnitude of form-deprivation amblyopia is dramatically
reduced if a brief daily period of unrestricted vision is provided
during the deprivation period.8 Similar beneficial effects of
brief periods of “normal” vision have been reported in cats.9–11

The neural mechanisms underlying amblyopia or the ob-
served preventive effects of unrestricted vision in amblyopic
subjects are not well understood, partly because previous neu-
rophysiological studies of the neural basis of amblyopia in
nonhuman primates focused mostly on how the primary visual
cortex (V1) is reorganized by early abnormal visual experience.
The primate brain has vast cortical areas beyond V1 that pro-
cess information required for visual perception. Moreover, the
functional development of the visual brain is thought to pro-
ceed in a hierarchical order and therefore, a higher order visual
area (e.g., V2) is likely to be more plastic than a lower area
(e.g., V1) at a given developmental age.12–18 For example, our
recent study of strabismic amblyopia in macaque monkeys
revealed that whereas the ocular dominance distribution of V1
neurons in amblyopic monkeys was balanced between the two
eyes, there was a significant ocular dominance shift in V2
neurons away from the deviating eye in these same amblyopic
monkeys.18 A previous comprehensive fMRI study on anisome-
tropic and strabismic amblyopia reported that fMRI responses
to stimulation of the amblyopic eye were progressively re-
duced in higher order visual areas.19 Also nearly all neurons in
extrastriate visual areas are driven by either eye (i.e., binocular
cells) and often exhibit more complex spatial vision processing
than V1 neurons.20–24 Moreover binocular signal interactions
in V2 are far more robust than in V1, and V2 neurons, unlike V1
neurons, are known to be directly involved in binocular depth
perception.25,26

Taken together, studies on higher stages of cortical process-
ing during early development are necessary to better under-
stand the neural basis of amblyopia and therefore, the mecha-
nisms of preventive effects from brief daily periods of
unrestricted vision during early monocular form deprivation.
In the present study, we asked whether developing V2 neurons
are more sensitive than V1 neurons to the protective effects of
brief daily periods of unrestricted vision during early monocu-
lar form deprivation.

METHODS

All experimental and animal care procedures conformed to the ARVO
Statement for the Use of Animals in Ophthalmic and Vision Research
and were approved by the Institutional Animal Care and Use Commit-
tee of the University of Houston.

Subjects

The details of the rearing procedures have been published.8,27 Briefly,
between 3 and 18 weeks of age, infant monkeys wore a helmet that
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secured a diffuser spectacle lenses in front of one eye and plano lenses
in front of the other. The rearing regimen included a daily period of
unrestricted vision for 0 (n � 3), 1 (n � 2), 2 (n � 2), or 4 (n � 2)
hours. The daily lens removal occurred near the midpoint of the
normal lighting cycle. The experimental monkeys experienced unre-
stricted vision between birth and 3 weeks of age and between the end
of the rearing period (18 weeks of age) and the microelectrode exper-
iment at approximately 4 years of age. Assessment of the eye alignment
with infrared photoretinoscopy, which records the position of the first
Purkinje image relative to the center of the pupil,28 indicated that all of
our experimental monkeys were orthotropic.

Psychophysical Methods

The details of behavioral testing methods are described else-
where.8,29,30 Briefly, spatial contrast sensitivity functions (CSFs) were
obtained for each eye when the monkeys were at least 18 months of
age, using operant procedures. During the daily experimental sessions,
the monkeys were seated in a primate chair fitted with a response lever
on the waist plate and a drink spout on the neck plate. The animal’s
optimal spectacle correction, which was determined for each eye
independently by retinoscopy and a subjective refraction procedure
was held in a facemask at about a 14-mm vertex distance for all training
and testing procedures. For monocular viewing, the lens well for one
of the eyes was occluded with an opaque disc.

The Gabor detection stimuli consisted of sine-phase vertical sinu-
soidal gratings windowed by a 2° Gaussian envelope and were pre-
sented on an 11° � 14° video monitor with a space-averaged lumi-
nance of 60 cd/m2. The stimulus contrast was defined as (Lmax �
Lmin)/(Lmax � Lmin), where Lmax and Lmin represent the maximum and
minimum luminance of the grating, respectively. The behavioral para-
digm was a temporal–interval detection task that required the monkey
to press and hold down the response lever to initiate a trial and then
to release the lever within a criterion response interval of 900 ms after
the presentation of the grating stimulus to score a “hit.” Data were
collected using an adaptive decreasing-contrast staircase procedure
where each hit was followed by a 0.1-log unit reduction in contrast and
two consecutive misses were followed by a 0.6-log unit increase in
contrast causing staircase reversals to converge to a contrast where the
probability of a hit was 29%, and this contrast was taken as the
threshold. Contrast detection thresholds were measured as a function
of grating spatial frequency from 0.25 to 16 cyc/deg in 0.15-log unit
steps.

Amblyopia index (AI) values8,31 were calculated by the following
formula: The AI is the area under the CSF of the nonamblyopic eye
minus the area under CSF of the amblyopic eye divided by the area
under the CSF of the nonamblyopic eye. This index ranges from 0 (no
deficit) to 1.0 (no measurable sensitivity in the treated eye).

Neurophysiology

Preparation. The surgical preparation and the recording and
stimulation methods have been described in detail elsewhere.17,18

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). After the completion of all surgical proce-
dures, the animals were paralyzed by an IV infusion of vecuronium
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 respired with a mixture of
59% N2O, 39% O2, and 2% CO2. Anesthesia was maintained during the
experiments by the continuous infusion of a mixture of sufentanil
citrate (0.05 �g/kg/h) and propofol (4 mg/kg/h). The core body tem-
perature was kept at 37.6°C. Cycloplegia was produced by 1% atropine
sulfate, and the animals’ corneas were protected with rigid, gas-per-
meable, extended-wear contact lenses. Retinoscopy was used to deter-
mine the contact lens parameters needed to focus the eyes on the
stimulus screen.

Recording and Visual Stimulation. Tungsten-in-glass micro-
electrodes (Frederick Haer, Bowdoin, ME) were used to record single-

unit activity or multiunit activity from which responses from single
cortical neurons were isolated by using custom spike-sorting software.
Drifting gratings (contrast, 50%) were displayed on a monochrome
monitor with ultrashort persistence (frame rate � 140 Hz; 800 � 600
pixels, screen size � 20° � 15° at 114 cm, or 40° � 30° at 57 cm, and
mean luminance � 50 cd/m2), and neuronal responses were sampled
at a rate of 140 Hz (7.14-ms bin widths) and compiled into peristimulus
time histograms (PSTHs) that were equal in duration to, and synchro-
nized with, the temporal cycle of the grating.

Data Analysis

Orientation Bias and Spatial Frequency Tuning. Orien-
tation bias was calculated by using the vector summation meth-
ods.18,32,33 To determine each cell’s optimal spatial frequency and
spatial resolution, the spatial frequency response data were fitted with
Gaussian functions34:

G (f0) � m1 exp[��f0 � f2)
2/(2f3

2)]

where f0 is the spatial frequency, m1 is the response amplitude, f2 is
the optimal spatial frequency, and f3 is the standard deviation of the
Gaussian function. The optimal spatial frequency was determined from
the fitted functions.

Ocular Dominance. The ocular dominance index (ODI) of a
neuron was quantitatively determined from the spatial frequency tun-
ing functions by using the following formula: ODI � (Rl � noise)/
[(Rr � noise) � (Rl � noise)], where Rl is the peak response amplitude
for left eye stimulation, Rr is the peak response amplitude for right eye
stimulation, and noise is the spontaneous maintained activity.35,36 ODI
values range from 0.0 (right eye response alone) to 1.0 (left eye
response alone), with 0.5 indicating perfect binocular balance. An
ocular imbalance index (OII) was quantified for all units with the
formula OII � 2 � [ODI � 0.5].37 The OII value ranges from 0.0 (no
imbalance) to 1.0 (complete monocular dominance) and shows the
difference in relative strength of the two eyes in driving a unit. Since
the OII value does not indicate which eye is dominant, each unit was
assigned according to its ODI value to be dominated by the amblyopic
(right in normal monkeys) eye (ODI � 0.5) or the fellow (left) eye
(ODI � 0.5) group. Then all OII values of units dominated by each eye
were summed. The relative ratio (log2) of the summed OII value for
units dominated by the nonamblyopic eye over that dominated by the
amblyopic eye was defined as the relative ocular imbalance index
(ROII).

Binocular Interactions. To determine the strength and the
nature of binocular interactions, responses were collected for dichop-
tic sine wave gratings of the optimal spatial frequency, orientation, and
direction of drift as a function of the relative interocular spatial phase
disparity of the grating pair. The sensitivity to relative interocular
spatial phase disparities was quantified using a binocular interaction
index (BII) that was calculated from the sine function fit to the
binocular phase tuning data (BII � amplitude of the fitted sine wave
divided by the average binocular response amplitude).36,38 To charac-
terize whether binocular signal interactions were facilitatory or sup-
pressive in nature, the peak binocular response amplitude/dominant
monocular response amplitude ratios (peak B/M) were calculated for
each unit and expressed in terms of relative strength (decibels)—that
is, 10 log peak B/M. Negative peak B/M values signify binocular sup-
pression, and positive values indicate binocular facilitation.

RESULTS

We recorded from 385 V2 neurons in nine experimental mon-
keys and 176 units in three normal monkeys. For each neuron,
we quantitatively determined the unit’s ocular dominance,
orientation, and spatial frequency-tuning functions for both
eyes and their binocular interaction properties.
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Effects of Brief Daily Periods of Unrestricted
Vision on the Development of Amblyopia
Figure 1 shows the spatial contrast sensitivity functions of our
experimental monkeys and the relationship between the dura-
tion of the daily brief periods of unrestricted normal vision
during the deprivation period and the severity of amblyopia.
To quantify the depth of amblyopia in each monkey, we cal-
culated an AI by comparing the contrast sensitivity function for

the affected and fellow eyes.18,31 Not surprisingly, monkeys
that experienced continuous monocular form deprivation (0
hours of unrestricted vision) exhibited severe amblyopia in the
deprived eye (e.g., MK-274, AI � 0.99). One hour of unre-
stricted vision during the daily 12 hours of monocular depri-
vation had no effect in one monkey (MK-306, AI � 0.99),
whereas it reduced the severity of amblyopia in another mon-
key substantially (MK-307, AI � 0.80). Two hours of unre-
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FIGURE 1. Effects of the duration of brief daily periods of unrestricted vision during early monocular form deprivation on the depth of amblyopia.
AIs of individual monkeys were plotted as a function of the duration of unrestricted vision (middle panel). Spatial contrast sensitivity functions for
the deprived eye (filled circles) and the fellow eye (open circles) are also illustrated for the representative monkeys for each treatment group (top
and bottom panels).
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stricted vision was far more effective in reducing the depth of
amblyopia (MK-300, AI � 0.7 and MK-311, AI � 0.45), and 4
hours of unrestricted vision virtually prevented the develop-
ment of amblyopia in two monkeys (MK-308, AI � 0.0 and
MK-309, AI � 0.0).

Effects of Brief Daily Periods of Unrestricted
Vision on V2 Neuronal Responses

Ocular Dominance Imbalance. To determine the effec-
tiveness of each eye in driving a V2 unit, we quantitatively
measured its ODI. The ODIs were placed into one of the seven
evenly spaced bins that match the traditional seven categories of
ocular dominance.39 The OD category 0 in Figure 2 represents
neurons exclusively driven by the amblyopic eye (A), whereas
category 1 signifies units driven only by the fellow eye (F). The
ROII values then were calculated for each treatment group to
quantify the overall ocular dominance imbalance (Fig. 2).

For the monocularly deprived monkeys that wore the dif-
fuser constantly (0 hours of unrestricted vision), there was an
obvious shift in ocular dominance in V2 away from the am-
blyopic eye (Fig. 2A). One hour of unrestricted vision each day
during the period of monocular form deprivation did not sig-
nificantly alter the ocular dominance shift in V2 neurons,
although one of these monkeys behaviorally showed a moder-
ate reduction in the depth of amblyopia (Fig. 1, middle panel,

MK-307). The ocular dominance imbalance for these experi-
mental monkeys with 1 hour of unrestricted vision was slightly
larger (ROII � 3.69) than that for monkeys reared without any
unrestricted vision (ROII � 2.84). However, the difference was
not statistically significant (�2 test, P � 0.1).

With 2 hours of unrestricted vision, there was a substantial
improvement in the ocular dominance distribution; a larger
percentage of V2 neurons showed robust responses to stimu-
lation of the deprived eye and as a result, the ocular dominance
imbalance between the two eyes was substantially smaller
(ROII � 1.95; Fig. 2A). With 4 hours of unrestricted vision, the
effect of monocular deprivation was virtually absent; the OD
distribution was very similar to that for normal monkeys ex-
cept that the prevalence of units dominated by the deprived
eye was slightly higher than in normal monkeys. However,
again, this difference was not statistically significant (�2 test,
P � 0.05) and probably reflects a sampling bias in recording.

Figure 2B plots the average depth of amblyopia (AI) for each
subject group as a function of their relative ocular dominance
imbalance values (ROII). There was a relatively strong correla-
tion between the depth of amblyopia and the ocular domi-
nance imbalance in V2 (r � 0.92, P � 0.03).

Monocular Receptive-Field Properties. The poor acuity
of amblyopic animals reared with strabismus or anisometropia
is thought to result at least in part from the abnormal spatial
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frequency tuning of V1 neurons dominated by the amblyopic
eye3,31,40–42 and also from the abnormal spatial frequency and
orientation bias of V2 neurons.18 In the present study, we
examined whether brief daily periods of normal vision during
the diffuser-rearing period prevents or reduces the impact of
form deprivation on the monocular spatial properties of V2
neurons.

Orientation Tuning. Figure 3 illustrates the orientation-
tuning functions of representative V2 units. The orientation-
tuning function for the unit from one of the monkeys that
experienced continuous form deprivation with 0 hours of
unrestricted vision exhibited a reduced orientation bias, result-
ing from the cell’s irregular responses to stimulus orientations
(Fig. 3A). On the other hand, the units from a deprived monkey
that had 2 hours of unrestricted vision each day and the neuron
from a normal monkey showed a sharp orientation-tuning
function.

For analysis purposes, we divided all units into binocular
units (ODI � 0.2– 0.8; Fig. 3B, open circles) or monocular
units (ODI � 0.0 – 0.2 or 0.8 –1.0, Fig. 3B, open squares
along the x- and y-axes). The scatter plots in Fig. 3B illustrate
the orientation bias for individual units, specifically the
interocular differences in orientation bias in binocular units,
and the orientation bias for the dominant eye of monocular
units. There were no significant interocular differences in
the overall orientation biases for any animal group (two-way

ANOVA, P � 0.1). However, V2 neurons in the deprived
monkeys with 0 hours of normal vision had significantly
lower orientation bias for the deprived eye than did the V2
neurons of normal monkeys (two-way ANOVA, P � 0.01).
Interestingly, the biases for the nondeprived eyes of the
monkeys reared with continuous form deprivation were also
significantly lower than those for normal monkeys. Finally, 2
and 4 hours, but not 1 hour, of unrestricted vision during
deprivation periods significantly improved the orientation
biases of V2 neurons in the experimental monkeys (two-way
ANOVA, P � 0.01).

Preferred Spatial Frequency. We did not find significant
interocular differences in the preferred spatial frequency for
any subject group (Fig. 4). However, the cell population anal-
ysis showed that the preferred spatial frequencies of units for
the deprived eye in the monkeys reared with continuous form
deprivation were significantly lower than those for normal
monkeys (two-way ANOVA, P � 0.01).

Binocular Signal Interactions. Early binocular imbal-
ance is known to result in abnormal binocular functions
including a loss of binocular summation and disparity sen-
sitivity and an increased prevalence of interocular suppres-
sion.1,2 Monkeys reared with early form deprivation, anisometro-
pia, or strabismus exhibit anomalous ocular dominance shifts,
reduced disparity sensitivity, and an abnormally high prev-
alence of binocular suppression in V1 and V2.15,18,31,36,43,44
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The question we asked in the present study was whether
brief periods of normal vision during monocular form depri-
vation influence the degree of these anomalous binocular
signal interactions in V2.

Disparity Sensitivity. Figure 5A illustrates typical interocu-
lar spatial phase disparity functions of a V2 neuron in a monkey
that experienced continuous form deprivation (left), a form
deprived monkey reared with 2 hours of normal vision each
day (middle), and a normal monkey (right). Unlike in normal
units, neurons from a monkey that experienced continuous
form deprivation were not sensitive to phase disparity (BII �
0.15), and all binocular responses were nearly one half that of
the dominant monocular (DM) response (peak B/M � �4.8
dB), thus exhibiting a severe loss of disparity sensitivity and
strong binocular suppression. However, the unit from the
deprived monkey that had the benefit of 2 hours of unre-
stricted vision each day retained binocular disparity sensitivity
(BII � 0.40), although the binocular responses were lower
than the dominant monocular response.

The cell population analysis shows that monocular form
deprivation with 0 hours of normal vision virtually eliminated
disparity sensitivity in V2 neurons (Fig. 5B). The average dis-
parity tuning in the 0-hour monkeys was significantly lower
than that in normal monkeys (one-way ANOVA, P � 0.01).
More important, having brief daily periods of unrestricted
vision during the period of form deprivation nearly tripled the
average disparity sensitivity (BII) of the V2 neurons (Fig. 5B).
This improvement was statistically significant (one-way
ANOVA, P � 0.01). However, the average disparity sensitivities
for all the deprived monkeys, regardless of the duration of
unrestricted vision, were significantly lower than that for nor-

mal monkeys (one-way ANOVA, P � 0.01). Interestingly, these
results parallel previous clinical observations for human infants
with congenital unilateral cataracts; increased daily periods of
binocular visual experience (from reduced patching therapy)
improved disparity sensitivity, whereas their overall disparity
sensitivity was significantly lower than that for normal in-
fants.45–47

Binocular Suppression. The peak B/M responses of V2
neurons from all experimental monkeys were significantly
lower than that in normal monkeys, which reflected the in-
creased prevalence of suppressive binocular interactions (Fig.
5C; one-way ANOVA, P � 0.01). Although 2 and 4 hours of
normal vision improved the average peak B/M values, the
difference did not reach statistical significance (P � 0.05).

The prevalence of binocularly suppressive V2 units (peak
B/M � 0.0 dB) in monocularly form-deprived monkeys with 0
hours of unrestricted vision each day was much higher (35.7%)
than that in normal monkeys (10.5%; �2 test, P � 0.001; Fig.
5D). Daily periods of unrestricted vision during monocular
deprivation reduced the proportion of suppressive units, but
there were no statistically significant differences between the
results for the three deprived subject groups that experienced
unrestricted vision. Together, daily brief periods of normal
vision during monocular deprivation reduced the prevalence
of binocularly suppressive units in V2, but the duration of
unrestricted vision had inconsistent effects.

DISCUSSION

The important finding of this study was that the ocular
dominance imbalance of V2 neurons favoring the nonde-
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spatial frequency of binocular units (ODI � 0.2–0.8) (open circles). Filled symbols: mean values (�SE). Open squares: on x- and y-axes indicate
comparable data for monocular units (ODI � 0.0–0.2 or 0.8–1.0). Filled symbols along x- and y-axes show the mean values (�SE) for monocular
units and filled symbols near the unity line indicate the mean values (�SE) for binocular units. If error bars are not visible, the standard errors are
smaller than the size (length and width) of the symbols.
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prived eye was the neuronal change most closely associated
with the reductions in the depth of amblyopia and, there-
fore, with the degree of the preventive effects from daily
brief periods of unrestricted vision during monocular form
deprivation.

V2 versus V1

Although substantial evidence for the association between V2
neurophysiology and amblyopia was revealed, our study did
not allow us to directly establish a causal link between the
severity of V2 deficits and the protective effects of differing
durations of daily unrestricted vision on a degree of amblyopia.
However, it is possible to infer from our data which alterations
in V2 neurophysiology (ocular dominance imbalance, binocu-
lar suppression, lower optimal spatial frequency, and/or re-
duced orientation biases) had the strongest impact in limiting
the visual performance of our amblyopic monkeys and also
reflecting the protective effects of unrestricted vision. To ana-
lyze this association between behavior and physiology, the
ocular imbalance (ROII), the proportion of the binocularly
suppressive unit, the average optimal spatial frequency, and
the average orientation bias of V2 neurons in individual mon-
keys were first normalized to the respective maximum value,
and then the degree of amblyopia was examined by linear
regression (Fig. 6). Comparisons of the normalized regression
lines relating the four major cortical deficits in V2 with the
depth of amblyopia show that the function relating ocular
dominance imbalance and the depth of amblyopia (AI) had a
slope of 0.76 and was closest to the unity line relating normal-

ized physiological deficits with the AI, which suggests that this
association is the strongest among all the response properties
examined in this study. The prevalence of suppression in V2
was also relatively close to the unity line, but the slope was
shallower (0.42) and above the unit line—that is, the physio-
logical deficits were greater than perceptual deficits. The
slopes of the functions relating the monocular response prop-
erties of V2 neurons (orientation bias and optimal spatial fre-
quency) with amblyopia were much shallower, and these func-
tions are located far below the diagonal, indicating that each of
these neural deficits alone had far less consistent impact on
limiting visual performance.

We previously reported that intermittent unrestricted vision
during monocular deprivation had similar preventive effects
against the development of amblyopia,8 and that these percep-
tual effects were generally associated with changes in the
responses of V1 neurons.48 As previously mentioned, the neu-
ronal deficits of strabismic monkeys exhibiting varying degrees
of amblyopia are more severe in V2 than in V1.18 Therefore, we
asked whether the neuronal deficits in V2 are more closely
associated with the protective effects of daily periods of unre-
stricted vision during monocular deprivation (i.e., the depth of
amblyopia) than V1 deficits. We performed the same analysis
as described above to analyze the strength of the association
between behavior and physiology using the data from our
previous study in V148 (Fig. 6). The ocular dominance imbal-
ance (ROII) in V1 had the slope closest to the unity line (0.55)
although it was shallower than the comparable function in V2
(0.76), primarily because the ocular dominance imbalance in
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FIGURE 5. Effects of the duration of brief daily periods of unrestricted vision on binocular signal interactions in V2 neurons. (A) Representative
binocular disparity sensitivity functions of a V2 neuron from a monkey reared with continuous form deprivation (left), a monocularly form deprived
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this study was amplified in V2. The normalized change in ROII
in V1 was only approximately 30% compared with more than
40% in V2—hence, the shallower slope in V1. Other response
properties in V1 had slopes that were shallower or similar to
those for V2. These comparisons suggest that although ocular
dominance imbalance was the most critical neural factor for
both cortical areas, the protective effects of brief periods of
unrestricted vision had a greater impact on V2 than on V1
neurons.

The present study adds support for the idea that amblyopia
can be best explained as a cascade of cortical deficits over
several processing stages that begin at V1.2,3,18,19,31,49 This
study suggests that V2 is more sensitive to brief daily periods of
unrestricted vision during form deprivation than is V1.

Effects on Binocular Vision

Can daily brief periods of unrestricted vision during early
monocular form deprivation prevent a loss of binocular
depth perception? A recent study in cats was revealing. A
loss of binocular depth perception could not be prevented
by brief daily periods of normal vision during monocular
deprivation.50 In this study, we found a threefold improve-
ment in the overall disparity sensitivity of V2 neurons in our
experimental monkeys reared with brief daily periods of
unrestricted vision over those exposed to continuous form
deprivation. Whereas V2 neurons are known to be more
directly involved in binocular depth perception than V1
neurons,25 it is unclear whether the observed retention of
disparity sensitivity in V2 associated with periods of unre-
stricted vision is sufficient to support stereoscopic vision in
these monkeys until they are behaviorally tested for binoc-
ular functions. Interestingly, a new study from our labora-
tory demonstrated that 2 hours of daily normal binocular
vision during 12 hours of optical strabismus largely pre-
served local and global stereopsis in infant monkeys.51 This
finding suggests that the cortical mechanisms supporting
stereopsis are very sensitive to the protective effects of
periods of normal binocular vision. Although the nature of
early abnormal visual experience is vastly different between
the two studies, it may be worthwhile to behaviorally test
the binocular capacities of monkeys reared with early inter-
mittent form deprivation.

Normal Vision before and after Treatment

Our experimental monkeys experienced normal vision until 3
weeks of age when our rearing regimen began. This rearing
strategy was necessary to obtain interocular alignment and,
therefore, to ensure the restorative power of intermittent un-

restricted binocular vision. Abnormal visual experience im-
posed from birth that prevents binocularly matched visual
stimulation (e.g., prism-rearing52 binocular deprivation,53 or
alternating monocular deprivation54) is known to produce per-
manent strabismus in monkeys53,55 that would have reduced
or complicated functional recovery.56

The prolonged periods of normal vision between the end
of the rearing regimen and behavioral testing in our study
could have contributed to the prevention of amblyopia and
restoration of balanced ocular dominance; hence, it is diffi-
cult to assess the true benefit of intermittent unrestricted
vision.11 This possibility is highly unlikely for several rea-
sons. First, the dramatic effects of monocular deprivation on
spatial vision in monkeys require only a few weeks of treat-
ment.57,58 Moreover, it is important to keep in mind that all
experimental monkeys in this and previous studies received
the same recovery period after the treatment. Also monkeys
reared with optical strabismus showed that prolonged re-
covery periods, similar to those in this study, had little
beneficial effects in restoring the binocular response prop-
erties of, at least, V1 neurons—that is, spontaneous recovery
was minimal.15,36,43,44 Moreover, Mitchell and Sengpiel11

conducted similar experiments in cats and found compara-
ble degrees of the protective effects from intermittent peri-
ods of unrestricted vision in cats without prolonged normal
binocular visual experience. Finally, even if there were a
substantial spontaneous recovery due to prolonged normal
vision after the end of our rearing regimen, such recovery
would promote the benefits of earlier interventions to elim-
inate abnormal visual experience in human infants.

Clinical Implications

Abnormal visual experience in newborn infants that deprives
clear vision includes congenital cataract, ptosis, and excessive
hyperopic anisometropia. There is no debate on the opinion
that removal of these conditions at the earliest possible time is
the most desirable course of treatment.59–64 The results of this
and our previous studies suggest that if permanent solutions
are not possible, temporary, or intermittent removal of these
abnormal visual conditions, if possible, may promote the re-
duction of amblyopic image degradation and myopic refractive
errors.8,27 More specifically, when compliance with corrective
lens treatment after infantile cataract surgery or with spectral
wear for hyperopic anisometropia is difficult in infants and
young children, our data suggest that even brief periods of
daily wear of corrective lenses may have beneficial effects for
the developing visual system.
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