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Negligible contribution of
adaptation of ocular opponency
neurons to the effect of
short-term monocular
deprivation

Jue Wang*?, Fangxing Song*?, Xin He ®*and Min Bao®'?3

1CAS Key Laboratory of Behavioral Science, Institute of Psychology, Chinese Academy of Sciences,
Beijing, China, 2Department of Psychology, University of Chinese Academy of Sciences, Beijing,
China, *State Key Laboratory of Brain and Cognitive Science, Beijing, China

Introduction: Modeling work on binocular rivalry has described how ocular
opponency neurons represent interocular conflict. These neurons have recently
been considered to mediate an ocular dominance shift to the eye that has viewed
a backward movie for long during which time the other eye is presented with a
regular movie. Unlike typical short-term monocular deprivation, the visual inputs are
comparable across eyes in that “dichoptic-backward-movie” paradigm. Therefore,
it remains unclear whether the ocular opponency neurons are also responsible for
the short-term monocular deprivation effect which is prevalently explained by the
homeostatic compensation theory. We designed two experiments from distinct
perspectives to investigate this question.

Methods: In Experiment 1, we mitigated the imbalance in the activity of
opponency neurons between the two eyes during monocular deprivation by
presenting video stimuli alternately. In Experiment 2, we directly evaluated the
response of opponency neurons before and after monocular deprivation using
SSVEP techniques.

Results: Consistent with each other, both experiments failed to provide reliable
evidence supporting the involvement of ocular opponency neurons in the short-
term monocular deprivation effect.

Discussion: Our results suggest that ocular opponency neurons may not play an
essential role in the short-term monocular deprivation effect, potentially due to
interference from the homeostatic plasticity mechanism.

KEYWORDS

short-term monocular deprivation, ocular dominance, opponency neuron, plasticity,
steady-state visually evoked potential

1 Introduction

Ocular dominance refers to the functional asymmetry between the two eyes, which was
believed to be established during the critical period of development and hardwired in
adulthood (Wiesel and Hubel, 1963). However, previous research has revealed that the visual
system of adults retains a degree of ocular dominance plasticity by showing that a few hours
of visual deprivation on one eye will induce a shift of ocular dominance to the deprived eye
(Lunghi et al., 2011). Since then, short-term monocular deprivation and its underlying
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mechanisms have been extensively investigated (Lunghi et al., 2015;
Bai et al., 2017; Kim et al., 2017; Min et al., 2019; Lyu et al., 2020;
Nguyen et al., 2021).

One suggested mechanism for monocular deprivation is
homeostatic plasticity (Baroncelli and Lunghi, 2021; Bang et al,,
2023), an inherent mechanism that maintains the normal
functioning of the neural system by stabilizing neuronal activity
(Keck et al,, 2017). To accomplish this, the mechanism resets the
neural system to its baseline state following a perturbation,
preventing the system from becoming hyperactive or hypoactive
(Turrigiano, 1999; Turrigiano, 2011). Homeostatic plasticity in the
visual system was initially observed in monocular deprivation
studies in rodents (Maffei et al., 2004; Turrigiano and Nelson, 2004).
In the context of short-term ocular dominance plasticity, an
imbalance in visual input between the two eyes may trigger a
homeostatic upregulation of neural response in the deprived eye to
maintain the balance of neural activity within the visual system.
This can lead to a shift in ocular dominance towards the deprived
eye following the monocular deprivation (Lunghi et al., 2015; Bai
et al,, 2017; Binda et al.,, 2018; Min et al., 2019; Zhou et al., 2019;
Lyu et al., 2020).

Besides monocular deprivation, recent work has developed new
methods to investigate short-term ocular dominance plasticity (Spicgel
et al,, 2013; Wang et al,, 2021; Huang et al., 2022; Tuna et al., 2022; Song
et al, 2023b). Song and colleagues invented a “dichoptic-backward-
movie” adaptation paradigm to study the ocular dominance shift induced
by sustained eye-based attention. The paradigm involved presentation of
amovie played normally to participant’s one eye (attended eye) along with
the same movie played backwards to the other eye (unattended eye).
Adaptation to such stimuli heightened the unattended eye’s dominance in
the binocular rivalry task, reflecting a shift of perceptual ocular
dominance towards the unattended eye. Moreover, they minimized the
interocular conflict during the adaptation to further investigate the role
of eye-based attention and observed no shift in ocular dominance (Song
et al,, 2023b). This finding implies that the attention-induced ocular
dominance shift may not be explicable solely by the homeostatic plasticity
mechanism, because the involvement of homeostasis is not dependent on
interocular competition (Zhou et al., 2013; Ramamurthy and Blaser, 2018;
Min et al., 2022).

Given the crucial role of interocular competition in the effect of
attention-induced ocular dominance shift, Song et al. (2023a)
proposed an explanation based on the ocular-opponency-neuron
model (Said and Heeger, 2013) of binocular rivalry. According to the
ocular-opponency-neuron model, each opponency neuron receives
excitatory inputs from a monocular neuron for one eye and
inhibitory inputs from a monocular neuron for the other eye. Then
a difference signal is computed and half wave rectified so that the
opponency neuron fires only when the excitatory inputs surpass the
inhibitory inputs. Upon activation, the opponency neuron, in turn,
inhibits the monocular neuron that sends the inhibitory signals to it
(Figure 1). Song and colleagues hypothesized that during the
adaptation phase, the ocular opponency neurons may undergo
different degrees of adaptation between the two eyes, ultimately
resulting in imbalanced inhibition and thus a shift of ocular
dominance (Song et al., 2023b).

It should be noted that the content of visual input is comparable
across eyes in the dichoptic-backward-movie paradigm, yet the input
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in one eye is completely or partially lost in a typical short-term
monocular deprivation paradigm. Considering that the two paradigms
are obviously different from each other, it remains unclear whether the
ocular opponency neurons are also responsible for the effects of
typical short-term monocular deprivation which was prevalently
explained by the homeostatic compensation theory (Lunghi et al.,
2011; Zhou et al., 2013; Bai et al., 2017; Kim et al., 2017; Lyu et al,,
2020; Wang et al., 2020; Nguyen et al., 2021). Therefore, the purpose
of this study is to examine the contribution of ocular opponency
neurons in the shift of ocular dominance induced by short-term
monocular deprivation. The monocular deprivation in Experiment 1
was based on the paradigm employed in our prior studies (Bai et al.,
2017; Lyu et al., 2020; Song et al., 2023b). We measured the changes
in ocular dominance before and after monocular deprivation utilizing
two different forms of stimuli. Specifically, we modified the traditional
continuous monocular deprivation to rebuild a segmented monocular
deprivation approach, which involved segmenting the adaptation
video into short intervals separated by black screens. During
adaptation, the original video images and phase-scrambled images
were presented to the non-deprived eye and deprived eye, respectively,
either simultaneously (“Simult” condition) or alternately (“Altern”
condition). In the “Simult” condition, the phase-scrambled image and
the original image were presented at the same time followed by a black
screen to both eyes, which repeated for a total time of 1h. And in the
“Altern” condition, the black screen alternated between the two eyes
to make sure that only one eye was receiving the images at any time.

Different observations can be anticipated based on the two
different hypotheses mentioned above. From the perspective of the
homeostatic compensation theory, both eyes were exposed to stimuli
for the same amount of accumulated time throughout the monocular
deprivation phase regardless of presentation conditions, and the
neural activity was stronger in the eye that viewed normal images
compared to the eye that viewed phase-scrambled images. Hence,
we expected to observe a shift of ocular dominance in both
conditions without a significant difference in between. In contrast,
according to the opponency-neuron-adaptation hypothesis, the
deprivation effect will be attenuated or eliminated in the “Altern”
condition (compared with the “Simult” condition) because the
degrees of adaptation of ocular opponency neurons were comparable
between the two eyes in this condition. Specifically, the alternating
presentation of video images between the two eyes in the “Altern”
condition yielded comparable periods of dominance for each eye.
Consequently, the ocular opponency neurons for each eye activated
for similar durations, thereby resulting in a more balanced degree of
adaptation among these neurons compared to the “Simult”
condition.

It should also be noted that although the design of the current
Experiment 1 bears resemblance to that of Song et al’s (2023a), they
fundamentally differ from each other. The present study employed a
monocular deprivation paradigm to investigate the role of ocular
opponency neurons in the effects of typical short-term monocular
deprivation, while Song et al. (2023a) utilized a “dichoptic-backward-
movie” adaptation paradigm to examine the contribution of ocular
opponency neurons in attention-induced ocular dominance shift without
unbalancing the strength of visual inputs between eyes. These two
paradigms have proved to yield different effects in terms of neural ocular
dominance (Lunghi et al., 2015; Lyu et al,, 2020; Song et al., 2023a).

frontiersin.org


https://doi.org/10.3389/fpsyg.2023.1282113
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org

Wang et al.

10.3389/fpsyg.2023.1282113

® Excitation
® Inhibition

LE-RE Opponency

FIGURE 1

Summation (LE+RE)

RE-LE Opponency

; ; Right Monocular

1 1
O e PR g .
1 1
1
'

The schematic of the ocular-opponency-neuron model (Said and Heeger, 2013). Solid blue lines denote excitatory monocular input signals. Solid red
lines denote inhibitory monocular input signals. Dash red lines denote the suppression of the opponency neurons to the activity of monocular
neurons. For brevity, the figure does not depict the excitation and inhibition inputs received by the LE-RE opponency neuron. LE, left eye; RE, right eye.

2 Experiment 1
2.1 Materials and methods

2.1.1 Participants

Fifteen adult participants (13 females, age range 18-28years)
participated in experiment 1. All participants were naive to the
experimental hypotheses and had normal or corrected-to-normal
vision (actually measured via visual acuity test). The numbers of
participants were predetermined based on the sample sizes of
published studies in this field (Lunghi et al., 2013; Yao et al., 2017; Min
et al,, 2018; Sheynin et al., 2019).

2.1.2 Apparatus

The experimental stimuli were programmed in MATLAB and
Psychtoolbox (Brainard, 1997; Pelli, 1997) and displayed on a
gamma-corrected 27.2-inch ASUS VG278HE LED monitor (refresh
rate: 120 Hz, 1920 x 1,080 pixels) with a mean luminance of 76.19 cd/
m?” We also used the NVIDIA 3D Vision Pro system to present
dichoptic stimuli. All participants were instructed to wear the 3D
Vision Pro Glasses to view the screen, ensuring that the visual
stimuli presented to the two eyes were different. The visual distance
from the monitor to participants’ eyes was 70 cm. A chinrest was
used to help minimize head movement and the experiments were
conducted in a dark room.

2.1.3 Stimuli and procedure

2.1.3.1 Binocular rivalry test

The stimuli used in the experiment consisted of two sinusoidal
gratings (Michaelson contrast: 80%, diameter: 1°, spatial frequency:
3cpd). The orientation of gratings was 45° either clockwise or
counterclockwise. These stimuli were presented dichoptically,
precisely at the center of the visual field for each eye. Additionally, to
facilitate stable binocular fusion, a central red fixation point with a
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diameter of 0.07° and a high-contrast checkerboard frame (size:
2.5°%2.5° thickness: 0.15°) were presented to both eyes.

Each binocular rivalry test consisted of sixteen 60-s rivalry trials.
Within each trial, a 5-s blank interval was presented initially, followed
by the presentation of rival gratings for a duration of 55s. The
orientation and contrast associated to each eye remained constant
throughout a single trial but were randomized across different trials.
Participants were given instructions to hold down one of the three
keys (Right, Left, or Down Arrow) to indicate their perceptions, which
corresponded to clockwise, counterclockwise, or mixed perceptions,
respectively.

2.1.3.2 Monocular deprivation

Monocular deprivation was achieved by removing the Fourier
phase regularity of input images in one eye (Bai et al., 2017; Lyu et al,,
2020). In this paradigm, the achromatic video images were always
presented to one eye (i.e., the non-deprived eye), whereas the phase-
scrambled images of each video frame were presented to the other eye
(i.e., the deprived eye). The phase-scrambled image was generated by
replacing the Fourier phase spectrum of the original video image with
the phase spectrum of a white noise image (randomly selected from
30 pre-defined white noises every 2-5s). We referred to the phase-
scrambled images as “pink noise” The power spectra of pink noise
images were exactly the same as those of the video images and their
difference was less than 107°%. During the adaptation phase, the
stimuli were surrounded by a checkerboard frame (size:
39.40° % 24.06°; thickness: 0.08°). The frame rate of the video
was 30 Hz.

We designed two different monocular deprivation conditions
(Figure 2). In the “Altern” condition, the achromatic video images and
pink noise images were presented to the non-deprived eye and
deprived eye, respectively. Importantly, their presentations were
alternated with each other every 200-ms (Figure 2A). Thus, at any
time, only one eye was stimulated while the other eye viewed a black
screen. By contrast, in the “Simult” condition, the video images and
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FIGURE 2
lllustration of the "Altern” condition (A) and "Simult” condition (B) in Experiment 1. DE, deprived eye; NDE, non-deprived eye.

pink noise images were simultaneously presented to the two eyes,
respectively, for 200 ms followed by a 200-ms black screens to both
eyes, and so forth (Figure 2B).

2.1.4 Experimental design

Prior to the formal experiment, all participants underwent a
training period for the binocular rivalry task lasting from 3 to 7 days
to ensure stable performance (Bao et al., 2018). During this training
period, participants were required to complete four binocular rivalry
tests each day, with a 10-min intermission between tests (except for a
5-min break following the first two tests). The initial test, comprised
of five trials, served as a warm-up and was not included in the

8). The

remaining three tests each contained 16 trials. The determination of

subsequent data analysis (Bai et al., 2017; Bao et al, 201

perceptual eye dominance was based on the results from the three
binocular rivalry tests conducted on the final day of practice, with the
dominant eye identified as the one exhibiting longer summed
phase durations.

In the formal experiment, the participant had to complete a
pre-test of binocular rivalry, followed by 1 h of monocular deprivation,
and finally a post-test of binocular rivalry. During the monocular
deprivation, the dominant eye was always deprived. That is, pink noise
images were always presented only to the dominant eye. Because each
condition had to be repeated for three times, participants completed
the formal experiment on six separate days. Eight of the 15 participants
completed the “Simult” condition for three times firstly, followed by
the “Altern” condition. The remaining seven participants did
the opposite.

2.1.5 Data analysis

To quantify perceptual eye dominance, we calculated the ocular
dominance index (ODI) for the pre- and post-test of binocular rivalry.
The ODI was calculated using the following formula, with scores
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ranging from 0 (complete dominance of the non-deprived eye) to 1
(complete dominance of the deprived eye). Tpr and Tiypg represented
the summed durations for exclusive perception of the stimulus in the
deprived and non-deprived eye, respectively.

ODI:TDiE
TnpE + TDE

Statistical analyses were performed using MATLAB. To investigate
the effects of short-term monocular deprivation on ocular dominance,
the ODIs of the “Simult” condition and of the “Altern” condition was
compared between pre- and post-tests using a 2 (condition: “Simult”
and “Altern”) x 2 (test phase: pre-test and post-test) repeated measures
ANOVA. Post-hoc tests were conducted using paired ¢-tests, and the
resulting p-values were corrected for multiple comparisons using the
false discovery rate (FDR) method. All ¢-tests were two-tailed and an
a value of 0.05 was used.

Furthermore, we complemented the standard inferential approach
with the Bayes factor (Wagenmalkers et al., 2018; van Doorn et al.,
2021; van den Bergh et al., 2023), which allows quantifying the relative
evidence that the data provide for the alternative (H,) or null
hypothesis (H,). The Bayesian analyses were conducted using JASP
with default priors. For Bayesian paired t-tests, we computed BF,,
which suggests the probability of the data to be generated under the
H, compared to the H,. For Bayesian repeated measures ANOVA,
we computed inclusion Bayes factors (BF,,;) which suggest the
evidence for the inclusion of a particular effect calculated across
matched models. A BF greater than 1 provides supports for the
alternative hypothesis. Specifically, a BF indicates weak evidence if
between 1 and 3, moderate evidence if between 3 and 10, or strong
evidence if greater than 10 (van Doorn et al., 2021). Similarly, a BF
below 1 provides evidence in favor of the null hypothesis.
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2.2 Results

Perceptual ocular dominance was measured before and after
monocular deprivation. The repeated measures ANOVA revealed a
significant main effect of test phase (F(1,14)=14.36, p=0.002,
7*=0.51). The Bayesian ANOVA also indicated moderate evidence for
the test phase effect (BF,,q=4.782). However, neither the main effect
of condition (F(1,14) =0.80, p=0.386, ”=0.05, BF;,4=0.691) nor the
interaction of condition X test phase (F(1,14)=0.99, p=0.338,
7*=0.07) was significant. The Bayesian ANOVA yields weak evidence
(BF,a=0.525) supporting the null hypothesis of no interaction effect
between the test phase and the condition.

Although the interaction effect was not significant, we were still
interested in the changes of ODI under the two stimuli conditions.
Therefore, we conducted a post-hoc analysis (Figure 3). The results
revealed a significant difference of ODI between the pre-test (M =0.57,
SE=0.015) and post-test (M =0.59, SE=0.016; £(14) =3.27, p=0.006,
d=0.85 95% CI=[0.241, 1.427], BF,,=9.052, FDR-corrected
p=0.011) under the “Simult” condition, suggesting that the perceptual
ocular dominance was shifted towards the deprived eye. However,
there was no significant difference of ODI between the pre-test
(M=0.56, SE=0.011) and post-test (M=0.57, SE=0.015; #(14) = 1.61,
p=0.130, d=0.42, 95% CI=[—0.119, 0.938], BF,,=0.756) under the
“Altern” condition.

2.3 Discussion

In Experiment 1, we found a shift of ocular dominance towards
the deprived eye in the “Simult” condition but not in the “Altern”
condition. This seems to show that adaptation of ocular opponency
neurons may contribute to the effect of short-term monocular
deprivation (at least for phase regularity deprivation).

However, this finding should be interpreted with caution, since
we found no significant two-way interaction that strictly examined the
difference in the changes of ocular dominance between the two
adaptation conditions. In other words, the non-significant interaction
result aligned with the homeostatic plasticity mechanism rather than
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FIGURE 3

The changes of perceptual ocular dominance in the “Simult” and
"Altern” condition. The bars show the grand average ODI between
pre- and post-tests in the two conditions. The gray lines show the
individual data. Error bars represent standard errors of means.
**p<0.01.
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the adaptation of ocular opponency neurons. We speculated that the
small sample size might limit the statistical power. Therefore, we used
G*Power (Faul et al, 2007) to calculate the minimum required
number of participants to detect a significant difference in the
deprivation effect between the two conditions. Based on the data
collected from 15 participants, we conducted a two-tail paired t-test
to compare the monocular deprivation effect (post-test minus
pre-test) under the “Simult” condition with that under the “Altern”
condition. In G*Power, we calculated an effect size of 0.256, which was
then used as a preliminary effect size to calculate required sample size
for achieving significance in the monocular deprivation effect between
the two conditions. By setting the alpha level at 0.05 and the power at
0.8, we finally calculated that a total of 122 participants would
be needed.

In summary, the monocular deprivation effect may result from a
combination of the homeostatic plasticity mechanism and ocular
opponency neurons adaptation mechanism, with the latter might only
having a minor contribution.

3 Experiment 2

In Experiment 1, we investigated the role of ocular opponency
neuron adaptation in the short-term monocular deprivation effect by
reducing interocular competition during the adaptation phase.
Unfortunately, no conclusive evidence was found to support or deny
the involvement of ocular opponency neurons in the short-term
monocular deprivation effect. It should be noted that we did not
directly assess the activity of ocular opponency neurons in Experiment
1. Therefore, in order to further investigate the role of ocular
opponency neurons in the short-term monocular deprivation effect,
we used the SSVEP technique and relied on the intermodulation
SSVEP response to directly assess the response of ocular opponency
neurons before and after monocular deprivation in Experiment 2.

This approach was based on the pioneering studies that utilized
the SSVEP technique to estimate the activities of ocular opponency
neurons (Katyal et al., 2016, 2018). Moreover, in our recent work,
utilizing the same methodology, we have obtained direct neural
evidence supporting the role of ocular opponency neuron adaptation
in attention-induced ocular dominance shift (Song et al., 2023a).

To selectively measure the activities of ocular opponency neurons
that preferred to a particular eye, we designed three conditions by
manipulating the contrast of testing gratings during the binocular
rivalry task (Song et al., 2023a). The first was the DE-NDE condition,
in which high contrast gratings were presented to the deprived eye and
low contrast gratings to the non-deprived eye. The second was the
NDE-DE condition, with the non-deprived eye viewing the high
contrast gratings and the deprived eye viewing the low contrast
gratings. Since high contrast stimuli dominate conscious perception
in binocular rivalry (Whittle, 1965; Hollins, 1980), the DE-NDE
opponency neurons, which receive excitation from the deprived eye
and inhibition from the non-deprived eye, would activate for most of
the time in the DE-NDE condition, making their activations the
primary source of the intermodulation response in this condition. In
comparison, the NDE-DE opponency neurons, which receive
excitation from the non-deprived eye and inhibition from the
deprived eye, would contribute most to the intermodulation response
under the NDE-DE condition. The third condition was the
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iso-contrast condition, in which equally high contrast gratings were
presented to both eyes. This condition was used to measure ocular
dominance (Lunghi et al., 2011; Bai et al., 2017; Kim et al., 2017; Lyu
et al., 2020; Wang et al., 2020).

Since the responses of the NDE monocular neurons are always
stronger than that of the DE monocular neurons during monocular
deprivation, we predict that the NDE-DE opponency neurons are
always active and subject to sufficient adaptation. As a result, the
intermodulation response in the NDE-DE condition is expected to
reduce in the post-test as compared with in the pre-test, with a greater
reduction than in the DE-NDE condition.

3.1 Materials and methods

3.1.1 Participants

Twenty-three participants were recruited for the experiment. In
these participants, 20 (10 males, age range 20-28 years) completed the
experiment. Among the 3 participants who withdrew midway, two
asked to quit in the practicing stage for the binocular rivalry task. One
failed in binocular fusion in the EEG pre-test, thus also quit from the
rest of the experiment. The sample size was predetermined based on
previous studies in this field (Lunghi et al., 2015; Binda et al., 2018;
Lyu et al., 2020; Virathone et al., 2021; Baldwin et al., 2022; Kurzawski
et al, 2022). All participants were naive to the experimental
hypotheses, had normal or corrected-to-normal vision.

3.1.2 Apparatus

The experimental stimuli were programmed in MATLAB and
Psychtoolbox (Brainard, 1997; Pelli, 1997). In the practice stage,
stimuli were presented on a 27-inch AUS VG279QM LCD monitor
with the mean luminance of 30.18 cd/ m?, while in the formal test, a
21.5-inch LEN LS2224A LCD monitor with the mean luminance of
31.42 cd/ m* was used. Both monitors were gamma-corrected with the
resolution of 1920x 1,080 pixels and the refresh rate of 60Hz.
Participants viewed the stimuli at a distance of 100 cm in a dimly lit
room through a mirror stereoscope. A chinrest was used to stabilize
the head.

3.1.3 Stimuli and procedure

3.1.3.1 Binocular rivalry test

The stimuli were two sinusoidal gratings with the Michaelson
contrast of 80% or 20% (diameter: 6°, spatial frequency: 0.5 cpd). The
orientation of gratings was either 45° clockwise or counterclockwise.
The gratings were presented dichoptically at the center of the visual
field of each eye. A high contrast checkerboard frame (size: 9°x9°;
thickness: 0.25°) and a central red fixation point (diameter: 0.05°)
were presented to both eyes to facilitate binocular fusion. To obtain
the SSVEP responses to stimuli from each eye with the frequency-
tagging technique, the grating in each eye was phase-reversed
flickering (Brown and Norcia, 1997). The flickering frequency was
3Hz (f,) for the dominant eye and 3.75Hz (f,) for the non-dominant
eye (for the definition of eye dominance see Experimental 1).

A binocular rivalry test consisted of fifteen 60-s trials. In each
trial, a 5-s blank interval was presented first. Then the rival gratings
were presented for 55s. The orientation and contrast associated to
each eye was kept constant within a trial, but randomly varied across
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the trials. The contrast of the gratings could be as follows: (1) 80%
contrast in the dominant eye, 20% contrast in the non-dominant eye;
(2) 20% contrast in the dominant eye, 80% contrast in the
non-dominant eye; (3) 80% contrast in both eyes. Participants were
instructed to hold down one of the three keys (Right, Left, or Down
Arrow) to report their perceptions (clockwise, counterclockwise,
or mixed).

3.1.3.2 Monocular deprivation

Participants wore an eye-patch made of parchment paper over the
dominant eye or the non-dominant eye (counter-balanced across the
participants) for 2.5h. All the edges of this translucent eye-patch were
adhered to the skin, allowing the light to reach the eye but completely
preventing pattern vision. During the deprivation, participants were
free to perform normal activities (e.g., using the mobile phone).

3.1.4 Experimental design

Before the formal experiment, all participants practiced the
binocular rivalry task similarly to Experiment 1. For consistency
between the practice and the formal tests in Experiment 2, the gratings
used in the practice were also phase-reversed flickering.

In the formal experiment, participants first performed a
warm-up test consisting of six trials, the data of which were not
analyzed (Bai et al., 2017; Bao et al., 2018). Then, a binocular rivalry
pre-test including 15 trials was performed, which measured both
the perceptual ocular dominance and SSVEP responses before
monocular deprivation. This was followed by 2.5h of monocular
deprivation. Immediately after the monocular deprivation, a
15-trial binocular rivalry test was performed as the post-test
(Figure 4A).

Each binocular rivalry test consisted of three conditions,
determined by the contrast of the grating in each eye (Figure 4B). In
the DE-NDE condition, the higher contrast (80%) gratings were
presented to the deprived eye, and the lower contrast (20%) gratings
to the non-deprived eye. In the NDE-DE condition, the non-deprived
eye viewed the higher contrast gratings, while the deprived eye viewed
the lower contrast gratings. There was also an iso-contrast condition,
where 80% contrast gratings were presented to both eyes. In the pre-
and post-test, each condition consisted of 5 trials. The order of
conditions was counterbalanced across trials but remained consistent
between the pre- and post-test.

3.1.5 EEG data acquisition

The continuous EEG was recorded using the Neuroscan Synamps2
system with a 64-channel Ag/AgCl electrode cap mounted according
to the International 10-20 system. All electrodes were referenced to
the left mastoid (M1). Vertical and horizontal electrooculograms
(VEOG and HEOG) were recorded to monitor blinks and eye
movements. The EEG recording was digitized at 1000 Hz with a band-
pass filter (0.05-100 Hz), including a 50 Hz notch filter. Impedances
were kept below 5kQ.

3.1.6 Data analysis
3.1.6.1 EEG preprocessing
Offline analysis was performed using customized MATLAB

codes and FieldTrip (Oostenveld et al., 2011). The electrodes for
M1, M2 and EOGs were initially extracted from the raw EEG data.
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FIGURE 4
Illustration of the process in formal experiment (A) and the three test conditions (B). MD, monocular deprivation.

The data were then segmented according to the trial periods and
resampled to 1,024 Hz before being band-pass filtered between 0.5
and 30 Hz. Next, the surface Laplacian spatial filter was employed
to effectively reduce common noise (Hjorth, 1975), by subtracting
the average signal of the nearest four to eight electrodes from the
central electrode’s signal.

3.1.6.2 Extraction of SSVEP signals

Fast Fourier transform (FFT) was applied to the preprocessed
time series. We extracted the SSVEP signals of the even harmonics
of the phase-reversed flickering frequency in the response spectrum
(6Hz (2f,) and 7.5Hz (2f;)) as the SSVEP responses at the
fundamental frequencies (Norcia et al., 2015; Dong et al., 2020)
which tagged the monocular neural activities for each eye. Moreover,
we extracted the SSVEP signals at the intermodulation frequencies
which were considered to reflect the neural activities of interocular
competition (Poggio and Talbot, 1981; May et al., 2012; Said and
Heeger, 2013; Katyal et al., 2016, 2018; Du et al., 2023). Consistent
with previous research (Govenlock et al.,, 2008; Cai et al., 2020; Gu
etal., 2020; Mersad and Caristan, 2021; Song et al., 2023a; Yan et al.,
2023), intermodulation responses were identified at the commonly
used frequency of 6.75Hz (f1 +{2), exhibiting a superior response
signal. The signal-to-noise ratio (SNR) was calculated by dividing
the power at the extracted frequency by the mean power of the 20
surrounding (10 on each side, excluding the immediately adjacent
bin) frequency bins (Zhang et al., 2011; Lyu et al., 2020; Song et al.,
2023b). The scalp topographies of SNR are depicted in Figure 5. The
SSVEP amplitude at the frequencies of interest (i.e., 2f;, 2f,, and
fi+£,) was computed using an adaptive recursive least square (RLS)
filter (Tang and Norcia, 1995) with a 1-s sliding window (Zhang
et al., 2011). The initial 2 s of data were excluded from the analysis
to avoid the start-up transient of the adaptive filter (Tang and Norcia,
1995; Zhang et al., 2011). The remaining time course was averaged
to estimate the SSVEP amplitude in the given trial. According to
prior researches (Zhang et al., 2011; Gu et al., 2020; Song et al,,
2023a), the SSVEP amplitudes were averaged across electrode OZ
and its five neighboring electrodes (POZ, O1, 02, CB1 and CB2) for
statistical comparisons.
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3.1.6.3 Index defining the ocular dominance

To quantify perceptual and neural eye dominance, we calculated
the ODI on both the dynamics of binocular rivalry and the SSVEP
amplitudes of the fundamental frequencies in the iso-contrast
condition for the pre- and post-test. The ODI was calculated similarly
to Experiment 1 using the following formula. In all cases, the same
formula was applied to psychophysical and EEG data.

YDE

OD[=——————
JYNDE * VDE

For psychophysics, y represented the summed phase durations for
exclusive perception of the stimulus in the deprived or non-deprived
eye as in Experiment 1; for EEG, y represented the mean SSVEP
amplitudes to stimuli in the deprived or non-deprived eye.

3.1.6.4 Statistical analyses

Statistical analyses were performed using MATLAB. To investigate
the effects of short-term monocular deprivation on ocular dominance,
the paired-sample t-tests was performed to compare the ODI between
the pre-test and the post-test. Moreover, the intermodulation
responses of the DE-NDE condition and the NDE-DE condition were
compared across pre- and post-tests using a 2 (test phase: pre-test,
post-test) x 2 (condition: DE-NDE condition, NDE-DE condition)
repeated measures ANOVA. All t-tests were two-tailed and o value of
0.05 was used. As outlined in Experiment 1, Bayesian analysis was
similarly performed using JASP with default priors. The Bayesian
paired-sample ¢-tests were conducted to calculate the BF,,, while the
Bayesian repeated measures ANOVA involved the computation
of BF,,a.

3.2 Results

3.2.1 Behavioral results
The perceptual ODI was greater in the post-test (M=0.57,
SE=0.012) than in the pre-test (M=0.50, SE=0.009; #(19)=6.45,
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FIGURE 5

Average topographies for SNR at the fundamental frequencies (A) and the intermodulation frequency (B). Despite the lower SNR of intermodulation
responses compared to the fundamental responses, the topographies consistently revealed activity in the occipital region.
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FIGURE 6

The changes of perceptual ocular dominance (A) and neural ocular dominance (B). The bars show the grand average ODI in the iso-contrast condition
for pre- and post-tests. The gray lines show the individual data. Error bars represent standard errors of means. ***p <0.001; *p <0.05.
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p<0.001, d=1.44, 95% CI=1[0.04, 0.09], BF,,>100), suggesting that
short-term monocular deprivation shifted the perceptual ocular
dominance towards the deprived eye (Figure 6A).

3.2.2 EEG results

To evaluate the shift of neural ocular dominance, a paired
t-test was performed on the neural ODI between the pre- and
post-tests. The results showed that the neural ODI was greater in
the post-test (M =0.51, SE=0.006) than in the pre-test (M =0.50,
SE=0.006; (19) =2.58, p=0.018, d=0.58, 95% CI=[0.002, 0.017],
BF,,=3.10), suggesting that short-term monocular deprivation
also shifted the neural ocular dominance towards the deprived eye
(Figure 6B).

To examine the response change of opponency neurons, we then
focused on the SSVEP responses at the intermodulation frequencies
in the DE-NDE condition and the NDE-DE condition. The results of
the repeated measurements ANOVA (Figure 7) showed that the main
effect of test phase was not significant (F(1,19)=3.99, p=0.060,
1?=0.17, BF,,q=1.42). Moreover, the main effect of condition was not
significant (F(1,19)<0.001, p=0.98, #7<0.001, BF,,4=0.35). More
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importantly, the interaction between the test phase and the condition
was not significant (F(1,19)=0.32, p=0.58, 7*=0.02), either.
Consistent with this, the Bayesian ANOVA yields moderate evidence
(BFina=0.31, that is to say a BF between 1/10 and 1/3) supporting the
null hypothesis of no interaction effect between the test phase and the
stimulus condition.

3.3 Discussion

In Experiment 2, we further explored the contribution of the
adaptation of ocular opponency neurons to the short-term monocular
deprivation effect by directly assessing the response of ocular
opponency neurons using the SSVEP technique. Consistent with
previous findings, we found a shift of perceptual and neural ocular
dominance to the deprived eye after 2.5h of monocular deprivation.
However, the SSVEP response at the intermodulation frequencies (i.e.,
intermodulation response) did not exhibit significant alteration
following the monocular deprivation. Therefore, the present
experiment did not find sufficient evidence to support the involvement
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FIGURE 7

The results for the SSVEP amplitudes at the intermodulation
frequencies. The bars show the grand average SSVEP amplitudes for
each condition. The gray lines show the individual data. Error bars
represent standard errors of means.

of ocular opponency neurons in the short-term monocular
deprivation effect.

A plausible account for the negative results regarding to
intermodulation response could be the presence of noise during data
collection and analysis procedures. However, it should be emphasized
that the data collection environment, equipment, and data analysis
methods employed in this experiment were consistent with those
utilized in our recent research (Song et al., 2023a), which provided
direct neural evidence supporting the role of ocular opponency
neuron adaptation in the attention-induced ocular dominance shift.
As measured by intermodulation responses in that study, the
opponency neurons preferring to the attended eye showed a greater
decrease of activity compared to those preferring to the unattended
eye following the adaptation with attention biased towards the
attended eye. This finding suggested that the ocular opponency
neurons receiving excitatory inputs from the attended eye underwent
a greater degree of adaptation, causing their reduced activity during
the post-test. According to the ocular-opponency-neuron model (Said
and Heeger, 2013), this would lead to a decrease in the inhibition
received by the unattended eye, resulting in a ocular dominance shift
towards the unattended eye. Therefore, the finding in Song et al.
(2023a) can serve as a positive control for the current experiment,
suggesting that the negative results obtained were not due to
extraneous noise introduced during data collection or analysis.

4 General discussion

In the current study, we investigated the role of the adaptation of
ocular opponency neurons in the short-term monocular deprivation
effect from two perspectives. On one hand, we developed two variants
of the “pink-noise” monocular deprivation paradigm, allowing the
adaptation of ocular opponency neurons either balanced or
imbalanced across the two eyes. On the other hand, we employed the
conventional monocular patching deprivation and directly evaluated
the response of ocular opponency neurons before and after deprivation
using the SSVEP techniques. However, consistent with each other,
both experiments failed to provide strong evidence supporting the
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involvement of ocular opponency neuron adaptation in the short-
term monocular deprivation effect. Therefore, the current study
suggests that the adaptation of ocular opponency neurons may not
play a predominant role in the short-term monocular deprivation
effect, though the existence of a minor (yet negligible) effect is
still possible.

It should be noted that it is not our first time to pay attention to
the potential role of ocular opponency neuron adaptation in short-
term ocular dominance plasticity. Other than monocular deprivation,
our work with dichoptic-backward-movie adaptation has proposed
that adaptation of ocular opponency neurons may mediate the shift of
ocular dominance led by prolonged eye-based attention bias (Song
etal., 2023b), which is later supported by SSVEP evidence (Song et al.,
2023a). However, unlike these studies, the present research did not
provide evidence supporting the involvement of the ocular opponency
neuron adaptation in short-term monocular deprivation effects.
Therefore, it is possible that the adaptation of ocular opponency
neurons may only modulate attention-induced ocular dominance shift.

Why does the ocular opponency neuron adaptation selectively
modulate attention-induced ocular dominance plasticity but nearly
not impact the short-term monocular deprivation effect? One possible
explanation is that the role of homeostatic plasticity mechanisms may
depend on imbalanced monocular responses of the eyes. Previous
studies have revealed a profound discrepancy in monocular visual
responses between the two eyes during monocular deprivation (Lyu
et al., 2020), but only a small difference during the dichoptic-
backward-movie adaptation (Song et al., 2023b). According to the
homeostatic plasticity mechanism, the homeostatic regulating process
is only triggered when there exists a significant discrepancy in neural
responses between the two eyes (Keck et al., 2017). Therefore, the
homeostatic plasticity mechanism is believed to deeply involved in
monocular deprivation, but not necessarily work or take an important
effect during the dichoptic-backward-movie adaptation. Consequently,
the role of ocular opponency neurons may be clouded by that of the
homeostatic plasticity mechanism during monocular deprivation.
However, this is no longer a problem during the dichoptic-backward-
movie adaptation, where both eyes received comparable
sensory inputs.

While the concept of ocular opponency neuron has well been
established and the theoretical model elucidating their roles in
binocular rivalry has been devised in 2013 (Poggio and Talbot, 1981;
May et al., 2012; Said and Heeger, 2013), to our knowledge, the direct
electrophysiological evidence supporting the existence of ocular
opponency neurons is still lacking. However, considering that ocular
opponency neurons are responsible for interocular-difference
calculations, we may speculate the neural locus of ocular opponency
neurons along the visual pathway based on this key function. The
geniculate-cortical visual pathway is a highly directional system with
well-specified connections (Julesz, 1971). The visual information flows
of both eyes remain independent of each other only during very early
processing stages. After visual information passes from the retina
through the optic chiasm, monocular selective neurons only exist in
the lateral geniculate nucleus (LGN) and primary visual cortex (V1).
The first station the visual information flow reaches the cortex is layer
4 in V1, where it forms functional columns that are selective for each
eye. During the transmission from the V1 middle layer to the surface
layer, binocular information starts to be extracted by various
interneurons to integrate both monocular information and establish
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the stereopsis (Poggio, 1984; Julesz, 1986). Next, from the V1 surface
layer to the extrastriate cortex, neurons representing the eye-of-origin
are thought to gradually disappear (Le Vay et al., 1980; Crowley and
Katz, 2002). Therefore, we presume, ocular opponency neurons might
be located within the V1 middle layer to the surface layer. Would any
later stage be a possible locus? Previous monkey studies have shown
that the eye dominance in binocular rivalry could also be represented
by neurons in relatively later stages including V4 and MT, the middle
temporal visual area (Logothetis and Schall, 1989a,b; Leopold and
Logothetis, 1996). A conventional explanation is that the monocular
information may be partly preserved to higher levels of the visual
pathway (Ramachandran, 1991), for example, via the direct projection
from the V1 layer 4B and 6 to MT (Shipp and Zeki, 1989); but an
alternative account considers the perceptual alternation not only as
the eye-dominance rivalry, but more as the pattern rivalry of stimuli
arising from the excitation and inhibition of the neuron clusters in
higher visual areas representing these patterns (Logothetis, 1998),
which hence has much less to do with the interocular-difference
calculations discussed here. Therefore, we are more inclined to favor
the early locus of ocular opponency neurons, which is still to
be examined by future single-unit work.

To conclude, our results suggest that ocular opponency neurons
may not play a significant role in the formation of short-term
monocular deprivation effect. Instead, we believe that the homeostatic
plasticity mechanism is still predominantly responsible for this type
of ocular dominance plasticity (Lunghi et al., 2015; Bai et al., 2017;
Binda et al., 2018; Min et al., 2019; Zhou et al., 2019; Lyu et al., 2020).
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