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Cholinergic Potentiation Alters Perceptual Eye Dominance Plasticity Induced by a Few Hours of Monocular Patching in Adults
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A few hours of monocular deprivation with a diffuser eye patch temporarily strengthens the contribution of the deprived eye to binocular vision. This shift in favor of the deprived eye is characterized as a form of adult visual plasticity. Studies in animal and human models suggest that neuromodulators can enhance adult brain plasticity in general. Specifically, acetylcholine has been shown to improve certain aspects of visual function and plasticity in adulthood. We investigated whether a single administration of donepezil (a cholinesterase inhibitor) could further augment the temporary shift in perceptual eye dominance that occurs after 2 h of monocular patching. Twelve healthy adults completed two experimental sessions while taking either donepezil (5 mg, oral) or a placebo (lactose) pill. We measured perceptual eye dominance using a binocular phase combination task before and after 2 h of monocular deprivation with a diffuser eye patch. Participants in both groups demonstrated a significant shift in favor of the patched eye after monocular deprivation, however our results indicate that donepezil significantly reduces the magnitude and duration of the shift. We also investigated the possibility that donepezil reduces the amount of time needed to observe a shift in perceptual eye dominance relative to placebo control. For this experiment, seven subjects completed two sessions where we reduced the duration of deprivation to 1 h. Donepezil reduces the magnitude and duration of the patching-induced shift in perceptual eye dominance in this experiment as well. To verify whether the effects we observed using the binocular phase combination task were also observable in a different measure of sensory eye dominance, six subjects completed an identical experiment using a binocular rivalry task. These results also indicate that cholinergic enhancement impedes the shift that results from short-term deprivation. In summary, our study demonstrates that enhanced cholinergic potentiation interferes with the consolidation of the perceptual eye dominance plasticity induced by several hours of monocular deprivation.
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1. INTRODUCTION

Changes in ocular dominance are perhaps the most widely studied form of brain plasticity, illustrating the causal links between experience and neuronal organization (Hubel and Wiesel, 1970; Wiesel, 1982; Fagiolini and Hensch, 2000; Zucker and Regehr, 2002; Bavelier et al., 2010; Gilbert and Li, 2012). Ocular dominance arises from the relative tuning of binocular neurons in the visual cortex to feedforward inputs from both eyes. Downstream competition (in the form of mutual inhibition) and integration (or binocular summation) of these monocular inputs presents an opportunity to understand the mechanisms of binocular visual processing and to explore the dynamics of experience-driven plasticity, a defining feature of the adult binocular visual system (Klink et al., 2010). A commonly used way to dissect these processes is through monocular deprivation (MD). Extended (>2 days) MD within the critical period, for instance, results in a permanent shift of perceptual eye balance in favor of the non-deprived eye that is measurable at the level of individual neurons' responses in V1 (Hubel and Wiesel, 1970; Wiesel, 1982).

In addition to plasticity during the critical period, recent investigations have also found residual plasticity in adults using short-term (a few hours) MD (Lunghi et al., 2011, 2015a,b; Hess et al., 2013; Zhou et al., 2013, 2015; Kim et al., 2017; O'Shea, 2017; for an overview of short-term MD's effects see Baldwin and Hess, 2018). In this case, patching an eye for a period of 2 h results in a temporary shift in favor of the deprived eye that is measurable for a duration of at least 1.5 h (Lunghi et al., 2011). Importantly, this temporary shift in perceptual eye dominance points to a latent plasticity in the adult visual system that is categorically unique from OD plasticity within the critical period because contrary to the latter, this plasticity enhances the contribution of the deprived eye. In an effort to avoid confusion with the classical OD plasticity examined by Hubel and Wiesel (1970), which enhances the non-deprived eye, we will refer to the effect examined in the present study as short-term perceptual eye dominance plasticity.

Furthermore, it is important to point out that the dissimilar effects of long-term (>2 days) and short-term MD (a few hours) could implicate a different set of neural mechanisms. In the classical model, changes in OD depend on plasticity brakes and consolidation mechanisms to modify neural activity. The short-term perceptual eye dominance plasticity observed in the present study and others (Lunghi et al., 2011; Zhou et al., 2015; Chadnova et al., 2017) is described as a form of interocular contrast gain control (Hess et al., 2013; Zhou et al., 2015), driven by enhanced contrast-gain of signal from the patched eye as well as a reduction in GABA-ergic inhibition in V1 (Lunghi et al., 2015b). Physiologically, the effects of short-term monocular deprivation have been observed using MRS (Lunghi et al., 2015b), MEG (Chadnova et al., 2017), and fMRI (Binda et al., 2017) in humans, as well as intrinsic optical imaging in a murine model (Tso et al., 2017). These studies point to deprivation-induced changes in inhibitory/excitatory dynamics in V1 with observable effects at the level of ocular dominance columns in layer 4c of V1. Importantly, frequency-tagged MEG signal from the non-deprived eye was reported to decrease during short-term deprivation and only begins recovery after restoring binocular visibility (Chadnova et al., 2017), likewise attributed to an overall enhanced net inhibition of the non-deprived eye's input relative to the deprived eye.

While mechanisms underlying neural plasticity are generally more active during development, recent investigations have demonstrated that enhanced plasticity may be restored in adulthood, albeit to a lesser degree (Bavelier et al., 2010). Treatments that enhance plasticity in adults generally do so by changing long-lasting neuronal responsiveness or by acting on so-called “brakes” on plasticity that develop after the critical period. Some of these brakes on plasticity are structural, such as peri-neuronal nets or myelin, which inhibit synaptogenesis. Others brakes are functional and act on the excitatory/inhibitory balance of neural circuits (Bear and Singer, 1986; Kasamatsu et al., 1991; Maya Vetencourt et al., 2008; Morishita et al., 2010). It is widely believed that adult brain plasticity can be enhanced by manipulating excitatory/inhibitory transmitter signaling (Bavelier et al., 2010; Morishita et al., 2010; Baroncelli et al., 2011, 2012).

Treatments that manipulate excitatory/inhibitory balance to alter neural plasticity generally act on endogenous neuromodulator activity. These interventions have, at times, been successful at enhancing cortical functioning and plasticity in both adult human and animal models (Bear and Singer, 1986; Kasamatsu et al., 1991; Bentley et al., 2003; Maya Vetencourt et al., 2008; Bavelier et al., 2010; Morishita et al., 2010; Rokem and Silver, 2010, 2013; Chamoun et al., 2017a), however this has not universally been the case (Conner et al., 2003; Chung et al., 2017). Some successful interventions targeting dopaminergic, serotonergic, and cholinergic pathways elicited direct consequences on adult functional and structural brain reorganization (Bear and Singer, 1986; Berardi et al., 2000; Bao et al., 2001; Weinberger, 2007; Maya Vetencourt et al., 2008; Morishita et al., 2010).

Of the known neuromodulators, acetylcholine (ACh) is particularly interesting for visual plasticity because of its role in modulating excitatory/inhibitory balance in visual cortex as well as mediating long-lasting neuronal responsiveness and structural plasticity throughout the cortex. For instance, genetically removing the expression of Lynx1, a cholinergic brake, reinstates critical-period-like OD plasticity in adult mice (Morishita et al., 2010), where the non-deprived eye becomes more dominant. Furthermore, multiple administrations of the acetylcholinesterase inhibitor (AChEI) physostigmine (which potentiates and prolonges the action of endogeneous ACh) improves visual function and enhances critical-period-like ocular dominance plasticity after long-term MD in a murine model of amblyopia (Gagolewicz and Dringenberg, 2009; Morishita et al., 2010; Groleau et al., 2015).

In humans, drugs that increase endogenous ACh signaling have been shown to enhance cortical plasticity and functioning by refining neural circuits' efficacy and enhancing perceptual learning. This has been assessed, for example, in visual tasks such as motion direction discrimination (Silver et al., 2008; Rokem and Silver, 2010, 2013), and 3D multiple object tracking (Chamoun et al., 2017a). There are other instances, however, that demonstrate the opposite: a recent study reported that cholinergic enhancement blocked the effect of perceptual learning of a crowding task relative to a placebo control group (Chung et al., 2017). Nevertheless, pharmacological enhancement of synaptic ACh has been shown to improve visual function, possibly by reducing the spatial spread of visual responses, sharpening visual spatial perception, increasing top-down control of attentional orienting and stimulus discrimination, and enhancing cortical activation in V1 (Silver et al., 2008; Klinkenberg et al., 2011; Kang et al., 2014; Gratton et al., 2017). Although cholinergic potentiation has been implicated in mediating several types of visual perceptual learning and enhancing visual neural responsiveness, its exact role in adult visual plasticity per se remains unclear.

In the present study, we used the AChEI donepezil to investigate the effects of cholinergic enhancement on adult perceptual eye dominance plasticity. In a double-blind crossoever design, we provided a placebo pill or donepezil and compared the effect of a few hours monocular patching on perceptual eye dominance in the two experimental conditions. Under the assumption that cholinergic potentiation enhances visual neural responsiveness (Kang et al., 2014), we hypothesized that donepezil would (1) enhance the strength of the patched eye's contribution to binocular vision after patching and would also (2) reduce the amount of time necessary to elicit the shift in perceptual eye dominance relative to the placebo control. We were surprised to find that donepezil in fact reduces both the magnitude and duration of the shift of binocular response in favor of the deprived eye. We found this to be the case when patching for both 1 and 2 h, and with two separate tasks measuring perceptual dominance.

2. MATERIALS AND METHODS

Sixteen young adults participated in the study. Two participants were excluded from the study due to data collection errors. One additional subject was excluded from analysis on the basis that he was an author and aware of the motivation of the investigation. Thirteen participants (2 Men, age: 19–31 years, BMI: 18–26 kg/m2, see Table 1) completed the study. Twelve subjects completed the first experiment which used the binocular phase combination task to measure perceptual eye dominance before and after 2 h of deprivation. Seven participants completed the second experiment which also used the phase combination task to measure perceptual eye dominance after 1 h of deprivation. Finally, six participants completed a different experiment which used binocular rivalry to measure the shift in perceptual eye dominance after 2 h of monocular deprivation. Only two subjects were able to participate in all three experiments.


Table 1. Demographic data: participant characteristics and involvement in binocular combination and binocular rivalry experiments, mean ± SEM (range).
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All subjects met the inclusion criteria (Table 2). The body-mass-index range was specified as 17–26 kg/m2 to ensure a similar distribution of the drug across subjects. All subjects were naive to the purpose of the experiment. A standard clinical and neurological examination, a stereoacuity test and an ECG recording were performed before the beginning of the experiment. Subjects were monitored for their safety during the experimental sessions with several blood pressure measurements taken.


Table 2. Inclusion and exclusion criteria.
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Subjects gave written informed consent prior to the experiment. Data were collected and kept secure in the laboratory of author EV. Participants were enrolled by the student researcher YS, and their random allocation sequence was carried out by EV and MC by assigning drug/placebo in numbered containers. Subjects received financial compensation to cover travel expenses and time spent participating in the experiment at a rate of $15/h. The procedures were in accordance with the Helsinki Declaration of 2013 and the ethical standards of the Comité d'éthique de la recherche en santé, Université de Montréal, approval #12- 084-CERES-P.

We used a double-blind within-subject crossover design where each participant completed two experimental sessions. Subjects were randomly assigned to either the donepezil or control group for their first session and then switched to the other group for their second session which occurred 21 days after the first. In each session, participants completed baseline testing on either a binocular phase combination or binocular rivalry task. This provided an index of their baseline perceptual eye dominance. This was followed by donepezil or placebo administration and 2 h of monocular deprivation. The patch was then removed, and subsequent tests of perceptual eye dominance were made over the next hour.

In experiment two, subjects underwent an identical protocol to that of experiment one, with the exception of adjusting the incubation period to 2 h and the deprivation duration to 1 h. A third experiment was also conducted where a binocular rivalry task was used instead of a binocular combination task. Previous studies on short-term monocular deprivation have found different results with the two tasks (Bai et al., 2017)—depriving one eye of Fourier phase information for 2 h produced a shift in perceptual eye dominance in favor of the deprived eye as measured with binocular rivalry but not with binocular phase combination. We were interested to determine whether donepezil had a different effect on plasticity as measured through rivalry vs. binocular phase combination.

2.1. Donepezil Pharmacological Enhancement

Donepezil is a reversible, non-competitive, highly selective AChEI with a half-life of 80 h and a peak plasma level of 4.1 ± 1.5 h after intake (Rogers and Friedhoff, 1998). Five milligrams of donepezil is the lowest prescribed dose which induces beneficial cognitive effects with very low adverse reaction incidence (Prvulovic and Schneider, 2014). This dose is shown to be effective in improving visual attention and the neural plasticity associated with perceptual learning in young adults (Rokem and Silver, 2010, 2013). Three hours before the patch removal, subjects ingested one capsule containing either 5 mg donepezil (ARICEPT, Pfizer, Canada) or lactose placebo with water (Rokem and Silver, 2010). The experimenter and subjects were naive to the experimental conditions.

2.2. Monocular Deprivation

Using the Miles test for sensory eye dominance (Miles, 1930), we identified the dominant eye for each participant. We then patched the non-dominant eye for each experimental session they participated in. We chose to patch the non-dominant eye with the rationale that it has more capacity to increase its dominance, however this has not been yet been assessed systematically. We used a diffuser eye patch that preserved most luminance information (40% luminance reduction), but eliminated all spatial frequency information as confirmed by a Fourier decomposition of a natural image viewed through the patch. While most studies use a patching duration of 2.5 h, recent investigations have seen comparable effects after 2 h of patching (Lunghi et al., 2016). To minimize the amount of time it would take to complete a single session, we administered monocular deprivation for 2 h for Experiments 1 and 3. For Experiment 2 we reduced the duration to 1 h to assess whether donepezil accelerates the rate of plasticity.

2.3. Experimental Protocol

The general protocol of each session is outlined in Figure 1A. For each of the three experiments, participants were randomly allocated to either Group 1 (Donepezil first session, Placebo second session) or Group 2 (Placebo first session, Donepezil second session). The experimenter was not aware of participants' group assignments until after data collection was complete. For safety purposes, the experimenter recorded the participant's systolic blood pressure at baseline and monitored blood pressure levels throughout the experiment. Baseline psychophysical testing took place over the course of 5–10 min on either the binocular phase combination task in Experiments 1 and 2 or binocular rivalry in Experiment 3. The half-life of donepezil is 4.1 ± 1.5 h after intake. We therefore chose to begin post-deprivation testing at 3 h after drug administration to maximize the potency of the drug at the time of testing. For Experiments 1 and 3 this required that our participants wait 1 h before beginning their 2 h of deprivation. For Experiment 2 participants waited 2 h before beginning 1 h of deprivation.
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FIGURE 1. General protocol and methods. (A) Schema of experimental session. For each experiment, participants were randomly allocated to either group 1 or group 2, indicating whether they take donepezil (DPZ) or placebo on the first day and then the reverse on the second day which occurs 21 days later. After baseline testing, participants take their assigned pill. Both the experimenter and participant are unaware of the participant's group assignment. After a drug incubation period (1 h for experiments 1 and 3, 2 h for experiment 2), Monocular deprivation (MD) with a diffuser eye patch begins (2 h for experiments 1 and 3, 1 h for experiment 2). Post-MD testing begins 3 h after taking the pill. (B) Binocular phase combination task. The participant views two sinusoidal gratings presented individually to each eye through a modified Wheatstone stereoscope. The gratings have phase-shifts in opposite directions of the same magnitude (22.5°). The observer is asked to use keypresses to move a flanking bar to the middle of the trough of the fused sinusoid. This gives an estimate of the perceived phase of the grating after binocular combination. In this example, the participant sees a fully balanced fusion of the two gratings, resulting in a perceived phase difference of 0°. (C) Psychometric curve for binocular combination task. Psychometric function for one subject at baseline. Curves were generated by fitting data from each measurement to a model of binocular combination (see section Materials and Methods). The CR at the balance point was used to determine ocular perceptual eye dominance for each measurement. (D) Binocular rivalry task. Two orthogonal sinusoidal gratings ± 45° were presented dichoptically through a modified Wheatstone stereoscope for 180 s per measurement. The participant continuously indicated whether they were seeing a (1) predominantly left-tilted grating, (2) a balanced fusion of right and left lines, or (3) a predominantly right-tilted grating for the entire duration of the stimulus presentation. The ratio of median rivalry phase durations for each eye was used to quantify ocular dominance for each measurement.



After the drug incubation period, participants were provided with a diffuser eye patch to wear on the non-dominant eye. During the drug incubation period and subsequent monocular deprivation, participants were instructed to keep their eyes open and do activities that require visual perception such as watching a movie, doing homework, or walking around the lab.

After the full duration of monocular deprivation (2 h for Experiment 1 and 3, 1 h for Experiment 2), participants were instructed to remove the eyepatch and begin psychophysical testing. Psychophysical measurements were taken at five timepoints (0, 15, 30, 45, and 60 min) after deprivation. Each measurement took 3 min to complete, and participants were instructed to keep their eyes open in between measurements. After completing the first session of an experiment, participant were assigned a scheduled date to return for completing their second session. To ensure there was no residual effects from the previous session, all sessions were spaced roughly 3 weeks apart from one another.

2.3.1. Apparatus

Each session took place in a quiet room with dim light. Visual stimuli for both binocular combination and binocular rivalry experiments were generated and controlled by an Apple MacBook Pro 2008 computer (MacOSX; Cupertino, CA, USA) running MATLAB R2012B (MathWorks, Natick, MA) with the Psychtoolbox psychophysics toolbox (Brainard, 1997; Pelli, 1997). Stimuli were presented on a gamma-corrected cathode ray tube monitor (LG, Seoul, South Korea) driven at a resolution of 1,024 × 768 pixels, with a refresh rate of 75 Hz and a measured mean luminance of 60 cdm−2. Participants viewed stimuli through an eight-mirror modified Wheatstone stereoscope so that the left image was only seen by the left eye and the right image by the right eye. The position of the participant's head was stabilized with a chin rest at a viewing distance of 57 cm.

2.3.2. Binocular Phase Combination Task

The binocular phase combination task (Ding and Sperling, 2006) is outlined in Figure 1B. Each measurement began with a dichoptic nonius cross presented inside a 3° oval surrounded by a black-and-white noise (1 cycle per degree) frame (side = 10°). The observer was asked to make keypresses to adjust the position of the two frames to calibrate the optimal position for comfortable fusion. After calibration, two horizontal sine-wave gratings (0.3 cycles per degree, 6° × 6°) with phase-shifts in opposite directions of the same magnitude (22.5°) were presented dichoptically through the stereoscope.

The physical sum of two sinusoidal gratings of the same frequency is another sinusoidal grating with a phase and amplitude that depend on the phases and amplitudes of the two inputs. This behavior has also been shown to hold for the perception that arises from the summation of gratings presented to the two eyes (Ding and Sperling, 2006). For our stimuli, the perceived phase of the perceived grating depends on the internal weighting of the inputs from each eye. Therefore, variations in perceptual eye dominance can be quantified by the change in the perceived phase (Figure 1B).

To account for any potential bias, two configurations were used for assessing the perceived phase in any given trial. The first configuration gave a phase-shift of +22.5° in the dominant eye and −22.5° in the non-dominant eye. The second reversed the two, giving a phase-shift of −22.5° in the dominant eye and +22.5° in the non-dominant eye. In each trial, participants were asked to indicate the location of the central dark bar of the fused grating by adjusting the location of a flanking bar on the screen with a keyboard. The vertical position of the flanking bar was converted into degrees of phase of the combined gratings. This phase offset provided a subjective measure of perceived phase in each trial. An increase of the perceived phase (i.e., more positive) after deprivation indicates an enhanced contribution of the eye that was not patched, whereas a decrease of the perceived phase (i.e., more negative) indicates a shift of dominance toward the patched eye. After each trial, the nonius calibration screen was presented for the observer to re-calibrate if necessary and begin the next trial.

To fit our data to psychometric curves defined by a model of binocular combination (Ding and Sperling, 2006; Huang et al., 2009), we modulated the interocular contrast ratio around a mean contrast of 50% across trials (Figure 1C). For baseline measurements, each of the following ratios were tested eight times by method of constant stimuli: 1:2, 1:[image: image],1:1, [image: image]:1, 2:1. Due to the time-sensitive nature of OD plasticity after removing the eye-patch, post-test measurements were reduced to three ratios: 1:[image: image],1:1, [image: image]. Baseline data consisted of perceived phases collected from 80 trials (5 contrast ratios × 8 repetitions × 2 configurations), and post-deprivation measures consisted of perceived phases from 30 trials (3 contrast ratios × 5 repetitions × 2 configurations). Data were fit to a function of the form
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where

[image: image]

and ΦA is the perceived phase of the fused image, θ is the constant phase displacement between eyes (45°), δ is the interocular contrast ratio, and the two free parameters, γ and α are the slope of the function and the contrast ratio when the two eyes contribute equally to binocular vision. α is represented in log units (dB relative to a 1:1 contrast ratio between the two eyes), calculated as

[image: image]

such that an α of 0 dB indicates that both eyes are contributing equally to binocular combination, while an α of −6 dB indicates that input from the deprived eye is weighted roughly twice as much as that from the non-deprived eye. Changes in α provide a measure of the shift in perceptual eye dominance from baseline. Our main measure of deprivation-induced changes in dominance as measured by the binocular phase combination task was obtained by subtracting each participant's baseline α from each post-patching α.

2.3.3. Binocular Rivalry

In Experiment 3 subjects performed a binocular rivalry task (see Figure 1D) instead of a phase combination task. After calibration (as above), two orthogonal (± 45°) sinusoidal gratings (3 cycles per degree, subtending a diameter of 1.5°, with a raised cosine annulus blurring the edges, contrast = 75%) were presented inside a black-and-white noise pattern frame (1 cycle per degree, 10 °, one side) individually to each eye. The participant was asked to continuously indicate whether they were seeing a (1) predominantly left-tilted grating, (2) a balanced fusion of right and left tilted gratings, or (3) a predominantly right-tilted grating. Baseline measurements were made from six 90-s rivalry blocks. Each post-patching measure was made using two 90-s rivalry blocks.

A commonly used measure of perceptual eye dominance when analysing rivalry data is the mean phase duration (Lunghi et al., 2011, 2015b, 2016). This measure is defined as the average amount of time spent viewing a percept by one eye. Rivalry phase durations generally follow a log-normal distribution (Zhou et al., 2004). Because of this property, mean phase durations are generally influenced more by longer phase durations. The median phase duration is arguably a better measure of centrality for these distributions, so our analysis used the median phase durations to compute an perceptual ocular dominance index (ODI), bounded by [−1, 1], for each rivalry measurement that was defined by the equation:

[image: image]

where the two [image: image] variables are the mean phase durations for the non-deprived and deprived eyes. Negative and positive ODIs indicate bias in favor of the deprived and non-deprived eyes, respectively. To evaluate deprivation-induced changes in the index we then subtracted baseline values from each post-patching measure.

 Statistical Analyses

Each experiment provided measures of perceptual eye dominance at baseline and at five time points (0, 15, 30, 45, 60 min) after treatment. For our analyses, we subtracted baseline ODIs from each post-deprivation ODI to obtain five treatment-induced differences in perceptual eye dominance over the course of an hour after removing the patch. We implemented a two-factor (treatment × time) repeated measures ANOVA on these post-baseline differences to investigate whether there was an interaction between the donepezil and placebo control treatments over the course of our measurements. Separately, we applied one-way repeated measure ANOVAs for each treatment condition to determine whether treatment significantly shifted perceptual eye dominance at the initial time point after patching with respect to baseline. The results of our ANOVA analyses for the three experiments are summarized in Table 3. If the effect of treatment was significant for either of the experimental conditions, we conducted follow-up FDR-corrected (Benajmini and Hochberg, 1995) t-tests on the post-baseline differences to determine which time points were significantly shifted with respect to baseline. In addition, we computed the area under the curve generated by drawing a line through each treatments's post-baseline differences as a function of time. This measure, calculated by estimating the integral (via the trapezoidal method) of the curve, can be used as an estimate of the overall effect size for each treatment (donepezil or placebo). We applied Wilcoxon signed-rank tests on these areas to determine if there were significant differences in (1) the mean ranks of the areas from those at baseline and (2) between the mean ranks of the areas of the two treatment conditions. All data used for the statistical analysis have been made available online in the Supplementary Material associated with this article.


Table 3. ANOVA summary table.
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3. RESULTS

 Experiment 1: 2 h of MD With Binocular Phase Combination Task

Two hours of patching induced a shift in perceptual dominance for both donepezil and placebo control conditions [CTRL: Wilks' lambda = 0.22, F(1, 11) = 38.3, FDR-corrected p < 0.01, [image: image] = 0.77; DPZ: Wilks' lambda = 0.50, F(1, 11) = 10.63, FDR-corrected p < 0.05, [image: image] = 0.49] that was maximal immediately after removing the patch (CTRL: M = −3.06, 95% CI: [−4.1, −1.9]; DPZ: M = −1.5, 95% CI: [−2.5, −0.48], dB with respect to baseline). We performed a two-factor (session × time) repeated measures ANOVA (see Table 3 for statistics) on the post-baseline ODIs computed for measurements taken at 0, 15, 30, 45, and 60 min after removing the patch. The results of this analysis yielded significant main effects for both session [Wilks' lambda = 0.5, F(1, 11) = 11.1, p < 0.01, [image: image] = 0.50] and time [Wilks' lambda = 0.08, F(4, 44) = 4.6, p < 0.01, [image: image] = 0.30], however the interaction term was not significant [F(4, 44) = 0.83, p > 0.05] (Figure 2).
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FIGURE 2. Experiment 1: The effect of donepezil on the shift in ocular dominance that occurs after 2 h of monocular deprivation, measured by binocular phase combination. Donepezil reduces both the magnitude and the duration of the shift in perceptual eye dominance that results from monocular deprivation relative to placebo control. N = 12. Red and blue diamonds indicate the mean difference in ocular dominance from that measured at baseline using the contrast ratio index described in Equation (3) for control (CTRL) and donepezil (DPZ) conditions. Errorbars are bootstrapped SEMs. Red and blue asterisks indicate means that are significantly different from baseline for CTRL and DPZ conditions, respectively. Black asterisks indicate means that are significantly different from one another. ***FDR-corrected p < 0.001, **FDR-corrected p < 0.01, *FDR-corrected p < 0.05.



A post hoc paired t-test examining the main effect of session indicated that the mean post-baseline difference across all measured time points observed when subjects were treated with donepezil was significantly reduced relative to the placebo control condition [t(11) = −4.9, p < 0.001, M = −1.27, 95% CI: [−1.79, −0.75]]. Subsequent FDR-corrected paired t-tests on the post-baseline ODIs in the donepezil condition indicated that the mean shift in perceptual eye dominance was significant only during the first measured time point after removing the patch [t(11) = −3.2, FDR-corrected p < 0.05]. No other measured time points in the donepezil condition were significantly shifted from baseline (FDR-corrected ps < 0.05). Post-baseline differences in the placebo control condition, on the other hand, remained significant until up to at least 60 min after removing the patch (FDR-corrected ps < 0.05), indicating that donepezil significantly reduced the duration that the mean shift in perceptual eye dominance was significantly shifted from baseline compared to the placebo control.

Furthermore, a two-tailed paired Wilcoxon signed-rank test on the mean ranks of the areas under the curves generated by the post-baseline ODIs in each condition revealed that the mean rank area observed in the placebo control condition was significantly greater than zero (FDR-corrected p < 0.001), while the mean rank area observed in the donepezil condition was not significantly different from zero (FDR-corrected p > 0.05). An additional signed-rank test on the mean ranks of the areas of the two experimental conditions revealed that the mean rank area observed in the donepezil condition was significantly reduced relative to placebo control (p < 0.01), demonstrating that the magnitude of the effect of patching treatment across the five measured time points was significantly reduced in the donepezil condition compared to placebo. Together, the results of these analyses indicate that donepezil significantly reduces the magnitude and duration of the shift in perceptual eye dominance that occurs after 2 h of monocular deprivation.

3.1. Experiment 2: 1 h of MD With Binocular Phase Combination Task

As in the first experiment, 1 h of patching induced a shift in perceptual eye dominance for both donepezil and placebo control conditions [CTRL: Wilks' lambda = 0.26, F(1, 6) = 17.2, FDR-corrected p < 0.01, [image: image] = 0.74; DPZ: Wilks' lambda = 0.47, F(1, 6) = 6.7, FDR-corrected p < 0.05, [image: image] = 0.52] that was maximal immediately after removing the patch (CTRL: M = −1.4, 95% CI: [−2.3, −0.6]; DPZ: M = −1.1, 95% CI: [−2.1, −0.06], dB with respect to baseline). We performed a two-factor (session × time) repeated measures ANOVA (see Table 3 for statistics) on the post-baseline ODIs computed for measurements taken at 0, 15, 30, 45, and 60 min after removing the patch. The results of this analysis yielded a significant main effect of time [Wilks' lambda = 0.10, F(4, 24) = 7.8, p < 0.001, [image: image] = 0.57], and a trend toward a significant main effect of session [Wilks' lambda = 0.53, F(1, 6) = 5.4, p = 0.06, [image: image] = 0.47], however the interaction term was not significant [F(4, 24) = 0.9, p > 0.05] (Figure 3)
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FIGURE 3. Experiment 2: The effect of donepezil on the shift in perceptual eye dominance that occurs after 1 h of monocular deprivation, measured by binocular phase combination. Donepezil reduces the magnitude and duration of the shift in ocular dominance induced by 1 h of monocular patching. N = 7. For further details see Figure 2 caption.



Post hoc paired t-tests examining the main effect of session yielded a trend that the mean post-baseline difference observed when subjects were treated with donepezil was reduced relative to the placebo control (M = −0.66, p = 0.06, 95% CI: [−1.4, 0.03]). Subsequent FDR-corrected paired t-tests on the post-baseline ODIs indicated that the mean shift in perceptual eye dominance was was significant at 0 and 30 min after patching in the placebo control condition (FDR-corrected ps < 0.05), however no individual time points were significantly shifted from baseline in the donepezil condition (FDR-adjusted p > 0.05). As in experiment 1, this indicates that donepezil reduced the duration that perceptual eye dominance was shifted from baseline compared to the placebo control.

A two-tailed paired Wilcoxon signed-rank test on the mean ranks of the areas under the curves generated by the post-baseline ODIs in each condition revealed that the mean rank area observed in the placebo control condition was significantly greater than zero (FDR-corrected p < 0.05), while the mean rank area observed in the donepezil condition was not significantly different from zero (FDR-corrected p > 0.05). Likewise, an additional Wilcoxon signed-rank test on the mean ranks of the areas in the two experimental conditions revealed that the mean rank area of the donepezil condition was reduced relative to the placebo control (p < 0.05), further demonstrating that the overall magnitude of the effect of 1 h of patching on perceptual eye dominance was reduced in the donepezil condition. Together, the results of these analyses indicate that donepezil significantly reduces the magnitude and duration of the shift in perceptual eye dominance that occurs after 1 h of deprivation.

3.2. Experiment 3: 2 h of MD With Binocular Rivalry

For experiment 3, we used a binocular rivalry task to measure perceptual eye dominance before and after 2 h of monocular deprivation. We administered a repeated measures ANOVA on the initial ODI measured after deprivation vs. baseline to assess the initial effect of patching in the two experimental conditions. Ocular dominance shifted significantly with respect to baseline in the placebo control condition, however not in the donepezil condition [CTRL: Wilks' lambda = 0.38, F(1, 5) = 7.91, FDR-corrected p < 0.05, [image: image] = 0.61, M = −0.29, 95% CI: [−0.55, −0.30]; DPZ: Wilks' lambda = 0.85, F(1, 6) = 0.91, FDR-corrected p = 0.38, [image: image] = 0.15, M = −0.16, 95% CI: [−0.59, 0.27]].

In addition, we performed a two-factor (session × time) repeated measures ANOVA (see Table 3 for statistics) on the post-baseline ODIs computed for measurements taken at 0, 15, 30, 45, and 60 min after removing the patch. The results of this analysis yielded a significant main effect of time [Wilks' lambda = 0.41, F(4, 20) = 3.32, p < 0.05, [image: image] = 0.40], however neither the effect of session nor the interaction term were significant (ps > 0.05) (Figure 4). While the mean shift in perceptual eye dominance across all time points was greater in the placebo control condition (M = −0.09, 95% CI: [−0.20, 0.02], than in the donepezil condition (M = −0.05, 95% CI: [−0.23, 0.13]), the lack of a significant main effect of session indicates that any observed differences between the two experimental conditions in this experiment constitute a weak effect. In addition, a two-tailed paired Wilcoxon signed-rank test on the mean ranks of the areas under the curves generated by the post-baseline ODIs in each condition did not yield a significant difference for this experiment (p > 0.05).
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FIGURE 4. Experiment 3: The effect of donepezil on the shift in ocular dominance that occurs after 2 h of monocular deprivation, measured by binocular rivalry. Donepezil reduces the shift from baseline perceptual eye dominance relative to placebo control. N = 6. Red and blue diamonds indicate the mean difference from baseline OD ratio in described in Equation (4) for control and DPZ conditions, respectively. Errorbars are bootstrapped SEMs.



The results from our binocular rivalry experiment are less conclusive than those in the phase combination experiments, possibly due to technical limitations of our implementation of the binocular rivalry task. Although the effects observed in this experiment are weak, they nevertheless trend in the same direction as the previous experiments, namely that donepezil reduces the overall magnitude of the shift in perceptual eye dominance that occurs after temporary monocular patching.

4. DISCUSSION

We conducted three experiments to investigate whether cholinergic enhancement via the AChEI donepezil could enhance the short-term perceptual eye dominance plasticity induced by 2 h of monocular patching. In Experiment 1, we used a binocular phase combination task and found that donepezil decreases the magnitude of the shift in perceptual eye dominance induced by 2 h of monocular deprivation relative to control. Importantly, donepezil also appeared to reduce the amount of time for which perceptual eye dominance was shifted. In Experiment 2, we reduced the patching duration to 1 h. We found that donepezil reduced the magnitude and duration of the shift here as well. Finally, we assessed whether the effects we observed using the binocular phase combination task were also seen using different measure of perceptual eye dominance, binocular rivalry. Our binocular rivalry result demonstrated that the magnitude of the shift in perceptual eye balance in favor of the deprived eye was reduced with donepezil compared to the placebo control. These findings agreed with that from Experiments 1 and 2. Donepezil appeared to reduce the effect of 1 and 2 h of monocular deprivation, while the effect of treatment in the control condition was significant relative to baseline.

Our study was motivated by recent findings regarding the role of cholinergic potentiation in adult visual plasticity. Specifically, repeated days of cholinergic enhancement has been shown to improve visual perceptual learning for a number of tasks in observers with normal vision (Rokem and Silver, 2010; Kang et al., 2014; Chamoun et al., 2017a), suggesting a central role of the neurotransmitter in modulating plasticity processes. In the rat, cholinergic potentiation also improves visual recovery (Chamoun et al., 2017b) and visual processing (Soma et al., 2013; Kang et al., 2015; Chamoun et al., 2016), due, in part, to enhancing the responsiveness of visual neurons to their tuned stimuli. Based on these findings, we expected a reinforcement of the shift in perceptual eye dominance in favor of the deprived eye. However, the present findings indicate that donepezil actually reduces the expected gain of the deprived eye over the non-deprived eye relative to placebo control.

There are many possible mechanisms by which ACh enhancement could cause the results we observed in our study. First, consider perceptual eye dominance as an emergent property of an aggregate population of binocular cells tuned to weighted monocular inputs. The strength of a monocular signal influencing the bias of a specific binocular pyramidal neuron is determined by three main factors: (1) the gain of thalamocortical input from a particular eye, the (2) presynaptic inhibition of the contralateral eye induced by either GABAergic interneurons or recurrent connections, or (3) long-range corticocortical projections. Changes in any or all of these three factors would result in a different perceptual eye dominance profile. Due to the presence of nicotinic and muscarinic receptors on thalamocortical fibers, inhibitory neurons and pyramidal cells, ACh is likely to influence every level of binocular summation (Groleau et al., 2015).

Notably, ACh has been shown to enhance feedforward inputs to cortex while also suppressing lateral connections within the cortex (Disney et al., 2007, 2012). Other studies report ACh-induced increases in cortical excitation as well (Hasselmo and Bower, 1992; Gil et al., 1997; Thiele, 2013; Groleau et al., 2014). As cholinergic receptors are located at every level of the cortical circuitry (Groleau et al., 2015; van Kempen et al., 2017), it is clear that ACh plays a crucial role in modulating the excitatory/inhibitory balance. We speculate that cholinergic potentiation might actually enhance feedforward thalamocortical contrast-gain, facilitating the deprived-eye's signal while simultaneously reducing the patching-induced inhibition of the non-deprived eye, causing an overall reduction in the ocular dominance shift as we observed in our study. It is likely that AChEIs affect monocular responses at the level of the lateral geniculate nucleus (which is also highly cholinoceptive), modulating monocular signal to the visual cortex. Due to the differential role of ACh in subcortical and intracortical circuits, the net reduction of the shift we observe after administration of donepezil is compatible with the idea that reduced GABAergic inhibition in early visual cortex is partially responsible for the shift in perceptual eye dominance induced by patching (Lunghi et al., 2015b).

Furthermore, it is possible that higher doses of AChEI for multiple days would have a different effect from the results we report in this article. Although the dose we administered has been shown to be effective in enhancing neural plasticity associated with perceptual learning and other aspects of visual perception in other studies (Rokem and Silver, 2010, 2013; Chamoun et al., 2016, 2017a), these studies provided multiple days of cholinergic enhancement while the present study only provided a single dose. This possibility has been called into question due to findings from a recent study (Chung et al., 2017) which reported that multiple administrations of donepezil blocked perceptual learning of a crowding task in adult human amblyopes relative to a placebo control. The finding from this study mirrors that from our own—cholinergic potentiation can reduce certain aspects of adult visual plasticity.

It may also be worthwhile to consider ACh's role in reinstating juvenile OD plasticity as a factor in our results. A previous study (Morishita et al., 2010) examining the effect of extended (30 days) MD on ocular dominance plasticity in mice found that ACh reinstates classical OD plasticity where the non-deprived eye strengthens its relative contribution to binocular vision. It is possible that our conclusions are not in conflict with the findings of this animal study. The short-term perceptual eye dominance plasticity investigated in the present study causes a shift in favor of the deprived eye. It is likely that the mechanism underlying this type of temporary visual plasticity is categorically unique from the canonic OD plasticity evaluated in the aforementioned study. The present study demonstrated that ACh impedes the consolidation of the deprived eye's enhancement after a few hours patching, causing a net shift in favor of the non-deprived eye relative to the placebo control. We speculate that the failure to consolidate the deprived eye's enhancement is due, in part, to two conflicting mechanisms at play: (1) the short-term perceptual eye dominance plasticity attempting to consolidate the deprived eye's enhancement and (2) the classical juvenile OD plasticity, enhanced by ACh, attempting to augment the responsiveness of the non-deprived eye. It is possible that that an ACh-modulated enhancement of juvenile OD plasticity could account for the unexpected results of the present study.

Likewise, it is plausible that ACh-mediated effects on visual attention can be a confounding factor in our results. Cholinergic potentiation is known to play a critical role in the top-down control of attentional orienting and stimulus discrimination (Klinkenberg et al., 2011; Groleau et al., 2015). While the binocular phase combination task is robust to changes in attentional control since it does not require substantial stimulus discrimination or attentional orienting, it is now widely agreed that binocular rivalry is highly influenced by attention (see Dieter et al., 2016 for a review). While our binocular rivalry results are consistent with those reported in our binocular phase combination results, it remains an open question whether short-term monocular deprivation alters fused or eye-specific attentional dynamics, and yet another question is whether cholinergic enhancement affects these dynamics.

Our finding that donepezil reduces the magnitude and duration of the perceptual eye dominance plasticity induced by a few hours of monocular patching contributes to the growing evidence that cholinergic potentiation enhances some aspects of adult visual function and plasticity at the expense of others. Further work is necessary to determine whether the short-term perceptual eye dominance plasticity evaluated in this study can be enhanced pharmacologically. This line of research has the dual benefit of adding to possible clinical therapies for visual disorders while also enhancing our understanding of the limitations and mechanisms of adult neural plasticity.
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Good stereo vision

Exclusion criteria

Attention deficit
Smoker

Pregnant, breast feeding, or planning
a pregnancy

Unable to do task

Lactose intolerant (actose pills as
placebo)
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Donepezil vs. placebo Initial effect of treatment

Source df mMs F P 3 Source df Ms F P I3

BPC2 Session 1 48.50 11.10 0.00* 0.50 DPZ 1 13.50 10.63 0.00* 0.49
Time 4 6.62 4.60 0.00* 0.30 CTRL 1 66.20 38.30 0.00* 0.77
Session x Time 4 125 083 051 0.07

BPC1 Session 1 7.90 5.40 0.06 0.47 DPZ 1 4.36 6.70 0.04* 0.46
Time 4 267 7.80 0.00* 050 CTRL 1 7.00 17.20 0.00* 074
Session x Time 4 053 091 047 0.13

RIV2 Session 1 003 1.19 032 0.19 DPZ 1 008 091 038 015
Time 4 0.10 332 0.03* 0.40 CTRL 1 025 800 0.08* 061
Session x Time 4 0.01 1.41 028 035

The left column shows the results of a two-fector (session x time) repeated-measures ANOVA for the three separate experiments. The right column shows results from one-factor (time)
repeated measures ANOVAS conducted for indlvicuel sessions (donepezi/contro) for each experiment to determine whether the effect of treatment wes significantly different from that
measured at baseline. BPC2: Binocular Phase Combination Task—2 h monocular deprivation; BPC1: Binocular Phase Combination Task—1 h monocular deprivation; RIV2: Binocular
Rivalry Task—2 h monocular deprivation. Asterisks indicate statistically significant effects, p < 0.05.
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