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Motor and Visual Plasticity interact in Adult Humans

Neuroplasticity is maximal during development and declines in adulthood, especially for sensory cortices. On the contrary, the motor cortex retains plasticity throughout the lifespan. This difference has led to a modular view of plasticity in which different brain regions have their own plasticity mechanisms that do not depend or translate on others. Recent evidence indicates that visual and motor plasticity share common neural mechanisms (e.g. GABAergic inhibition), indicating a possible link between these different forms of plasticity, however the interaction between visual and motor plasticity has never been tested directly. Here we show that when visual and motor plasticity are elicited at the same time in adult humans, visual plasticity is impaired, while motor plasticity is spared. This unilateral interaction between visual and motor plasticity demonstrates a clear link between these two forms of plasticity. We conclude that local neuroplasticity in separate systems might be regulated globally, to preserve overall homeostasis in the brain.

Introduction

Neuroplasticity in the sensory brain is at its peak during the critical period in development and steeply decreases afterwards [START_REF] Berardi | Critical periods during sensory development[END_REF][START_REF] Pascual-Leone | The Plastic Human Brain Cortex[END_REF] . The visual cortex is one of the most widely used models to study neuroplasticity, with the gold standard paradigm of ocular dominance (OD) plasticity: during the critical period, monocular deprivation (MD) shifts neural responses in the primary visual cortex in favor of the open eye and leaves the deprived eye amblyopic [START_REF] Wiesel | Effects of visual deprivation on morphology and physiology of cells in the cat's lateral geniculate body[END_REF][START_REF] Hubel | The period of susceptibility to the physiological effects of unilateral eye closure in kittens[END_REF][START_REF] Hubel | Plasticity of ocular dominance columns in monkey striate cortex[END_REF][START_REF] Drager | Observations on monocular deprivation in mice[END_REF][START_REF] Maffei | Nerve growth factor (NGF) prevents the shift in ocular dominance distribution of visual cortical neurons in monocularly deprived rats[END_REF][START_REF] Fagiolini | Functional postnatal development of the rat primary visual cortex and the role of visual experience: Dark rearing and monocular deprivation[END_REF] . After the closure of the critical period, this OD change is no longer observed and the visual cortex is thought to become hardwired [START_REF] Wiesel | Effects of visual deprivation on morphology and physiology of cells in the cat's lateral geniculate body[END_REF][START_REF] Wiesel | Single-cell responses in striate cortex of kittens deprived of vision in one eye[END_REF] . On the other hand, the adult motor cortex retains a high level of plasticity throughout the lifespan, as seen for example in motor learning [START_REF] Karni | Functional MRI evidence for adult motor cortex plasticity during motor skill learning[END_REF] . This disparity in the plastic potentials of different brain regions in adulthood led to a modular approach to the study of neuroplasticity assuming different brain regions have their own plasticity mechanisms that do not depend or translate on others.

Growing evidence is showing that the adult human visual cortex retains a particular form of OD plasticity: after a few hours of monocular deprivation, the deprived eye unexpectedly increases its dominance over the non-deprived eye, as measured by binocular rivalry [START_REF] Lunghi | Brief periods of monocular deprivation disrupt ocular balance in human adult visual cortex[END_REF][START_REF] Lunghi | Long-term effects of monocular deprivation revealed with binocular rivalry gratings modulated in luminance and in color[END_REF][START_REF] Lunghi | Short-term monocular deprivation alters early components of visual evoked potentials[END_REF][START_REF] Lunghi | Short-Term Monocular Deprivation Alters GABA in the Adult Human Visual Cortex[END_REF] and other tasks 15- 18 . This counterintuitive OD shift also occurs at the neural level: short-term MD boosts deprivedeye related activity in the early visual cortex, while reducing responses to the non-deprived eye [START_REF] Zhou | Short-term monocular deprivation strengthens the patched eye's contribution to binocular combination[END_REF][START_REF] Lunghi | Short-term monocular deprivation alters early components of visual evoked potentials[END_REF][START_REF] Zhou | Short-term monocular patching boosts the patched eye's response in visual cortex[END_REF][START_REF] Binda | Short-term monocular deprivation enhances 7T BOLD responses and reduces neural selectivity in V1[END_REF][START_REF] Chadnova | Short-term monocular occlusion produces changes in ocular dominance by a reciprocal modulation of interocular inhibition[END_REF][START_REF] Binda | Response to short-term deprivation of the human adult visual cortex measured with 7T BOLD[END_REF] . Moreover, this effect is accompanied by a decrease in resting GABA concentration in the visual cortex [START_REF] Lunghi | Short-Term Monocular Deprivation Alters GABA in the Adult Human Visual Cortex[END_REF] , suggesting the involvement of a homeostatic mechanism that aims preservation of a constant Excitation/Inhibition (E/I) balance [START_REF] Turrigiano | Homeostatic plasticity in the developing nervous system[END_REF] . Interestingly, motor learning is also closely tied to GABA modulation in the motor cortex [START_REF] Bütefisch | Mechanisms of use-dependent plasticity in the human motor cortex[END_REF] . Decreased GABA concentration in the motor and sensorimotor cortices facilitates motor learning [START_REF] Ziemann | Modulation of practice-dependent plasticity in human motor cortex[END_REF][START_REF] Floyer-Lea | Rapid Modulation of GABA Concentration in Human Sensorimotor Cortex During Motor Learning[END_REF] and individual variations in was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.
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That the adult visual system retains a degree of homeostatic plasticity higher than previously thought and that visual and motor plasticity share common neural mechanisms (E/I balance alteration) suggest that these forms of plasticity might be linked and controlled jointly to ensure overall stability in the brain. However, this hypothesis has never been tested directly. Here we address this issue by investigating the interaction between visual and motor plasticity in adult humans using two well-established experimental paradigms to elicit each form of plasticity (i.e. short-term monocular deprivation [START_REF] Lunghi | Brief periods of monocular deprivation disrupt ocular balance in human adult visual cortex[END_REF][START_REF] Zhou | Short-term monocular deprivation strengthens the patched eye's contribution to binocular combination[END_REF] and motor sequence learning [START_REF] Seitz | Motor learning in man: A positron emission tomographic study[END_REF][START_REF] Jenkins | Motor sequence learning: a study with positron emission tomography[END_REF][START_REF] Karni | Functional MRI evidence for adult motor cortex plasticity during motor skill learning[END_REF][START_REF] Ungerleider | Imaging Brain Plasticity during Motor Skill Learning[END_REF][START_REF] Hotermans | Early boost and slow consolidation in motor skill learning[END_REF] ). We designed a combined task in which visual and motor plasticity are induced at the same time and compared visual and motor plasticity in this condition to simple tasks in which either form of plasticity was induced on its own. Our results show a unilateral interaction between visual and motor plasticity that impairs visual plasticity in the presence of active motor plasticity.

Materials & Methods

Subjects 34 participants (Mean age 28.3 ± 4.8 years, 12 Males) with normal or corrected-to normal visual acuity (measured with ETDRS charts) took part in the study. One subject was excluded from the analysis due to inconsistent ODI within and across the binocular rivalry blocks on the same day, two others were excluded due to high variation in baseline ocular dominance on different days.

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. Data from the remaining 31 participants was analyzed. All subjects but two (the authors) were naïve to the purpose of the experiment.

Ethics Statement

The experimental protocol was approved by the local ethics committee (Comité d'éthique de la Recherche de l'université Paris Descartes, CER-PD:2019-16-LUNGHI) and was performed in accordance with the Declaration of Helsinki (DoH-Oct2008). All participants gave written informed consent. The naïve participants received financial compensation of 10€ per hour.

Apparatus and Stimuli

Visual task: binocular rivalry

The experiment took place in a dark and quiet room. The visual stimuli were generated in Matlab (R2020b, The MathWorks Inc., Natick, MA) using Psychtoolbox-3 [START_REF] Brainard | The Psychophysics Toolbox[END_REF] running on a PC (Alienware Aurora R8, Alienware Corporation, Miami, Florida, USA) and a NVIDIA graphics card (GeForce RTX2080, Nvidia Corporation, Santa Clara, California, USA).

Visual stimuli were presented dichoptically through a custom-built mirror stereoscope and each subject's head was stabilized with a forehead and chin rest positioned 57 cm from the screen.

Visual stimuli were two sinusoidal gratings oriented either 45° clockwise or counterclockwise (size: 3.1°, spatial frequency: 2 cpd, contrast: 50%), presented on a uniform gray background (luminance: 110 cd/m2, CIE x=.305, y=.332) in central vision with a central white fixation point and a common squared white frame to facilitate dichoptic fusion. The stimuli were displayed on an LCD monitor (BenQ XL2420Z 1920 x 1080 pixels, 144 Hz refresh rate, Tapei, Taiwan).

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. Responses were recorded through the computer keyboard. Monocular deprivation was performed using eye-patching. The eye-patch was made of a translucent plastic material that allowed light to reach the retina but prevented pattern vision, in accordance with previous studies [START_REF] Lunghi | Brief periods of monocular deprivation disrupt ocular balance in human adult visual cortex[END_REF][START_REF] Lunghi | Short-term monocular deprivation alters early components of visual evoked potentials[END_REF][START_REF] Lunghi | Altered Visual Plasticity in Morbidly Obese Subjects[END_REF] .

Motor task: motor sequence learning

The motor learning experiment took place in a quiet and lit room. The experiment ran on a PC (Dell) with Matlab using Psychtoolbox-3. A series of numbers in white (or lines of a story for the visual control condition) were presented on a uniform gray background (luminance: 47.6 cd/m2, CIE x=.306, y=.335). Observers viewed the display at a distance of 50 cm on an LCD monitor (Dell 2016H, 1600 x 900 pixels, 60 Hz refresh rate, Dell Inc., Round Rock, Texas, USA). Responses were recorded through a four-buttoned response pad (4-button USB response pad carbon fibre effect, The Blackbox Toolkit Ltd., Sheffield, UK).

Attentional control: simple visual and working memory tasks

The experiment ran on a PC (Dell OptiPlex 7070, Dell Inc., Round Rock, Texas, USA) equipped with NVIDIA graphics card (GeForce GTX 1050, Nvidia Corporation, Santa Clara, California, USA), and the stimuli were generated with Matlab using Psychtoolbox-3. We used an LCD monitor (ViewSonic V3D245 1920 x 1080 pixels, 120 Hz refresh rate, ViewSonic Corporation, Brea, California, USA) to display the stimuli. For the simple visual task, the stimuli were the same sinusoidal gratings described above. For the working memory task, participants saw a series of white letters briefly flashed on a uniform gray background (luminance: 44. 

Procedures

All participants performed three different conditions: simple motor, simple visual and combined.

The order of conditions was counterbalanced across subjects and each condition was performed on separate days. Because of recent evidence showing an interaction between visual homeostatic plasticity and energy metabolism [START_REF] Kim | Monocular Perceptual Deprivation from Interocular Suppression Temporarily Imbalances Ocular Dominance[END_REF] , each condition was performed at approximately the same time of the day and immediately after lunch.

Simple Visual Task

Ocular dominance was measured by means of binocular rivalry [START_REF] Levelt | The Alternation Process in Binocular Rivalry[END_REF]36 . Visual plasticity was quantified as the ocular dominance shift occurring for each participant after short-term (150 minutes) monocular deprivation (Figure 1a). Participants viewed a screen through a mirror stereoscope and reported the change in their perception via the keyboard by pressing one of three arrow keys continuously according to the orientation of the grating they perceived at the moment (left arrow: counter-clockwise, right arrow: clockwise, down arrow: mixed). Each binocular rivalry block lasted 8 minutes including two 3-minute trials with a pause in between.

The 3-minute trials consisted of two sub-trials of 90 seconds and a 3-second break in the middle.

Participants remained in position through a first trial, a 2-minute break and a second trial of rivalry. After each break, grating locations were switched to avoid adaptation. The starting locations of the gratings were counter-balanced across participants.

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. After a baseline block of binocular rivalry, the participants wore an eye-patch for 150 minutes over their dominant eye. We used as operational definition of dominant eye the eye that dominated perception in binocular rivalry during the baseline block. When the ocular dominance in the baseline block was inconclusive, we used the PORTA test [START_REF] Lederer | Ocular Dominance[END_REF] . During the 150 minutes of monocular deprivation, participants were free to perform different activities in the lab like work, read or browse the web or even go for a walk outside. At the end of this period the eye-patch was removed and the participants performed seven more blocks of binocular rivalry. The first five blocks were separated by 7 minutes while the last three blocks had 22 minutes in between.

In total, ocular dominance was measured for 128 minutes following eye-patch removal. We calculated a unique ocular dominance index (ODI, see Eq 2) for each of the eight blocks. The ocular dominance index difference from the baseline at each time point served as a measure of visual plasticity.

Simple Motor Task

A motor sequence learning task was used to assess motor plasticity. Motor plasticity for each participant was quantified as the decrease in reaction time after 14 blocks of practice.

Participants were instructed to tap their fingers in the order of the eight-element number sequence shown on the monitor. Each number on the screen corresponded to a finger and the numbering was mirrored, that is, the thumb was always number 1 regardless of the hand (Figure 1b). Our response pad having only four buttons, the number three was never shown on the screen so the middle finger was never used. Half of the participants started the training with their dominant hand and the other half with their non-dominant hand. Participants trained on four different finger tap sequences per hand (eight in total): two "test sequences" (repeated for 14
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The motor learning task consisted in a total of 30 blocks (14x2 test sequences and 1x2 control sequences) per hand. Each block consisted of five trials and each trial consisted of three sub-trials each corresponding to a full repetition of a finger tap sequence. Participants were instructed to tap their fingers in the displayed order, as rapidly and as correctly as possible. When the training of all four sequences were complete for a hand, participants took a break before starting the training of the other hand. About 45 minutes after the training of a hand, participants repeated all 4 sequences for 2 more blocks each to make sure the reaction time (RT) decrease was stable and specific to test sequences. The whole task lasted about 150 minutes.

Reaction times (time elapsed from the first until the last finger tap in a sub-trial) and accuracy were computed per each participant and for each experimental block. The reaction time decrease for test sequences from the first to the 14 th block served as a measure of motor plasticity.

Combined Task

In the combined condition, the simple visual and the motor tasks were performed at the same time (Figure 1c). Participants started with the baseline block of binocular rivalry. After the baseline block, participants wore the eye-patch. Here, instead of engaging in their preferred activity, all participants performed the motor learning task during the monocular deprivation period. This way, we induced motor and visual plasticity simultaneously. At the end of the monocular deprivation and the motor task, we removed the eye-patch and the participants was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.
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Visual Control Task

In order to eliminate the possibility of a confound in our study, we included a fourth (control) condition. 10 participants from the main experiment cohort of observers (Mean age 27.3±3.6 years, 5M) took part in the visual control condition. In this control study, the effect of short-term monocular deprivation was measured as in the simple visual task. However, during the 150 minutes of monocular deprivation, participants read stories (white text presented on a uniform grey background), to match the visual stimulation received during the combined task. We used the same screen and background as in the motor task and the stories were displayed maximum two lines at a time (Figure 3a).

Attentional Control Task

To control for the possible effect of attentional and working memory load on monocular deprivation induced ocular dominant shift, we included another control condition in our study. 10 participants (mean age 28.3±5.7, 8F) participated in this attentional control condition. The effect of short-term monocular deprivation was measured as in the simple visual task.

Participants performed a working memory task while they were under monocular deprivation (Figure 5a). A set of three, five or seven letters were flashed sequentially and briefly (0.15sec was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

The copyright holder for this preprint (which this version posted May 4, 2022. ; https://doi.org/10.1101/2022.05.03.490377 doi: bioRxiv preprint 11 each) on a gray screen with an inter stimulus interval of 1.5 seconds. Participants had a 3 second memory retention period at the end of the set and before the flashing of the probe letter. The probe letter was equally likely to be within or outside of the set on each trial. Participants indicated whether the flashed probe letter belonged to the set (left arrow key) or not (right arrow key). The response was followed by an auditory feedback indicating correct (high pitch) or incorrect (low pitch) response. Each block consisted in three trials containing 30 sub-trials each.

One block lasted about fifteen minutes. Participants started the first block of the working memory task at 15 minutes into the monocular deprivation period. In total, they completed 4 blocks of working memory task with 20 minute breaks in between. The starting condition (simple visual or attentional control) was counterbalanced across participants.

Statistical Analyses

The recorded reaction times and perceptual durations were first analyzed on Matlab and then the statistical tests were performed with SPSS statistics (version 25, IBM Corporation, Armonk, New York, USA). The mean reaction times and ODI based on perceptual durations were separately compared with repeated measures ANOVAs. Although both the initial distribution of our data and the residuals of the ANOVAs significantly differed from normality, literature has shown that ANOVAs are quite robust in Type I & II errors and power with non-normal distributions [START_REF] Harwell | Summarizing Monte Carlo Results in Methodological Research: The One-and Two-Factor Fixed Effects ANOVA Cases[END_REF][START_REF] Schmider | Is It Really Robust?[END_REF] and are arguably preferable to alternatives [START_REF] Knief | Violating the normality assumption may be the lesser of two evils[END_REF] For the analysis of the binocular rivalry data, we discarded phase durations < 0.25sec to eliminate keypress errors. To plot perceptual phase duration distributions for the deprived and nondeprived eyes in the baseline blocks of the two different conditions, we first normalized each participant's phase duration to their own mean. The distributions of the pooled data of all participants then were fitted by a two-parameter Gamma distribution (r, λ) of the form: 1)

𝑔(𝑥) = 𝜆 𝑟 𝑥 𝑟-1 Γ(𝑟) 𝑒(-𝜆𝑥) (Equation
where Γ is the gamma function, r is the shape parameter and λ is the scale parameter. The goodness of fit (r-squared) was > 0.97 for all distributions (Figure 1d-e).

We compared the ocular dominance index change in the two conditions (simple vs combined).

We calculated the ocular dominance index (ODI) as follows:

𝑂𝐷𝐼 = 𝑇𝑖𝑚𝑒 𝐷𝐸 𝑇𝑖𝑚𝑒 𝐷𝐸 + 𝑇𝑖𝑚𝑒 𝑁𝐷𝐸 (Equation 2)
Where TimeDE indicates the total amount of time (in seconds) spent by the observer reporting the dominance of the stimulus presented to the deprived eye and TimeNDE indicates the total amount of time (in seconds) spent by the observer reporting the dominance of the stimulus presented to the non-deprived eye. ODI values around 0.5 indicate, therefore, balanced ocular dominance, while ODI > 0.5 indicates predominance of the deprived eye and ODI < 0.5 predominance of the non-deprived eye. We excluded the participants whose baseline ODI on the two days showed a difference larger than 0.12. The reason for this exclusion criterion is that the effect of monocular deprivation on the ocular dominance change is estimated to be about a 0.12 change in ODI based on the literature [START_REF] Lunghi | Altered Visual Plasticity in Morbidly Obese Subjects[END_REF] . Data from participants who show a natural variation larger than this value would not reflect the effect of monocular deprivation.

We subtracted the baseline ODI of each participant from the subsequent block ODIs to see the effect of patching on ocular dominance. We then compared the ODI change in two conditions (simple vs combined) in a 7 (Blocks) x 2 (Conditions) repeated-measures ANOVA. The binocular rivalry blocks taking place after the monocular deprivation period were binned: 0-8min, 15-23min, 30-38min, 45-53min, 60-68min, 90-98min, 120-128min.

Motor Task

In the analysis of reaction times (RT), only the correct trials were taken into account (incorrect trials 13.7% for simple motor and 13.9% for combined condition). Outlier RTs (defined as the RTs µ ∓ 4sd of each participant) were removed (0.3% each for both simple motor and combined conditions). We looked at the reaction time distributions for dominant and non-dominant hands within the first block of each condition by first dividing each participant's data to their mean RT.

The distributions based on these raw reaction times showed very high skewness and kurtosis (Supplementary Figure 1). To work around this, the reaction times were log-transformed and normalized by subtracting the mean of each participant from their data. The pooled reaction time distributions were then fitted by a two-parameter Gaussian distribution (µ, σ) of the form:
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Where f(x) is the probability density function, µ is the mean and σ is the standard deviation. The goodness of fit (r-squared) was > 0.98 for all distributions (Figure 1f-g).

Working with the log-transformed reaction times, we calculated each participant's mean reaction time in each block. We then subtracted each participant's mean reaction time in the first block from all others, equalizing all participants to a starting point of 0.

We compared the mean reaction time differences from the 1 st to the 14 th block for only test sequences (dominant and non-dominant hand together) across the two conditions (simple vs combined) using a 13 (Blocks) x 2 (Conditions) repeated-measures ANOVA.

Correlation

To check for correlation between visual and motor plasticity, we used the data from simple visual and simple motor tasks. The visual plasticity score for each participant was calculated by subtracting the baseline ODI from the ODI immediately after monocular deprivation (0-8 min).

The motor plasticity score for each participant was calculated by subtracting the mean RT difference from baseline on the 14 th or the 2 nd block from 0. Correlations between visual and motor plasticity scores were computed using the Spearman's rank correlation coefficient (rho)

and p-values by using the permutation distributions.
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Results

We assessed visual homeostatic plasticity and motor plasticity in a group (N=31) of adult volunteers using two well established experimental paradigms. We quantified visual homeostatic plasticity as the shift in ocular dominance (measured by binocular rivalry) occurring after 150 minutes of monocular deprivation (simple visual task, Figure 1a). The ocular dominance index (ODI, see Eq 2) measured before deprivation (baseline ODI) in the simple and combined conditions correlated across participants (rho = 0.36, p = 0.04, Supplementary Figure 2a), as well as mean phase durations (rho = 0.84, p < 0.0001, Supplementary Figure 2b) and mixed percept proportions (rho = 0.74, p < 0.0001, Supplementary Figure 2c), indicating that the ODI is a reliable measure of ocular dominance. We assessed motor plasticity as the reaction time decrease over fourteen blocks of finger-tap-sequence learning (simple motor task, Figure 1b). In a third condition, visual and motor plasticity were elicited at the same time, as participants performed the motor task during the 150 minutes of monocular deprivation (combined task, Figure 1c).

Phase duration distributions in binocular rivalry and reaction time distributions for the motor learning task in the different experimental conditions are reported in Figure 1d-g. The phase duration distributions for binocular rivalry follow a gamma distribution (r-squared > 0.97) as expected [START_REF] Levelt | The Alternation Process in Binocular Rivalry[END_REF] . The log-transformed reaction time distributions are well fit by normal distribution (rsquared > 0.98).

Results from the simple visual and motor task replicate the effects established in the literature [START_REF] Karni | Functional MRI evidence for adult motor cortex plasticity during motor skill learning[END_REF][START_REF] Lunghi | Brief periods of monocular deprivation disrupt ocular balance in human adult visual cortex[END_REF] . Ocular dominance shifts in favor of the deprived eye after monocular deprivation (Wilcoxon signed ranks z = 4.56, p < 0.001) and slowly returns to baseline after patch removal (Figure 2a, red symbols). Reaction times consistently decrease over fourteen blocks of learning was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

The copyright holder for this preprint (which this version posted May 4, 2022. ; https://doi.org/10.1101/2022.05.03.490377 doi: bioRxiv preprint for the motor task (Wilcoxon signed ranks z = -4.85, p < 0.001) and this decrease is maintained 45 minutes after initial training (Wilcoxon signed ranks z = -4.85, p < 0.001, Figure 2b, red symbols). The reaction times of test sequences remained significantly lower than those of control sequences 45 minutes after training (P1: Wilcoxon signed rank z = -3.1, p < 0.01, P2: Wilcoxon signed rank z = -3.7, p < 0.0001, Supplementary Figure 3). Interestingly, in the combined condition, we observed a significantly smaller shift in ocular dominance following short-term monocular deprivation compared to the simple visual task (Figure 2a, blue symbols), indicating that eliciting visual and motor plasticity at the same time impaired the visual homeostatic response to monocular deprivation. A two-way (Block x Condition) repeated measures ANOVA showed a significant main effect of both the factor Block (F(6,180) = 27.9, p < .001, η 2 p = .48) and Condition (F(1,30) = 14.4 , p = 0.001, η 2 p = 0.32) and a significant interaction between the two (F(6,180) = 2.76, p = 0.013, η 2 p = 0.08). The ODI change in the block immediately after monocular deprivation (i.e. visual plasticity score) was correlated across the two conditions (r = 0.68, p < 0.001) although the change in the simple condition was larger for most of the participants (Figure 2c), indicating a good test-retest reliability of binocular rivalry in quantifying the effect of short-term monocular deprivation. No significant difference in motor learning was observed in the combined condition compared to the simple task (Figure 2b, blue symbols): a two-way (Block x Condition) repeated measures ANOVA revealed a significant main effect of the factor Block (F(12,360) = 49.9, p < 0.0001, η 2 p = 0.62) whereas the factor Condition (F(1,30) = 0. 01, p > 0.05, η 2 p = 0.0) and the interaction of the two (F(12,360) = 0.44, p > 0.05, η 2 p = 0.01) remained insignificant. The mean reaction time difference from the baseline on the 14 th block (i.e. motor plasticity score) correlates across the two conditions (rho = 0.58 , p was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. < 0.0001, Figure 2d). In both conditions, participants performed the motor task with high accuracy rates throughout the training (mean = 0.87, sd = 0.10). We found no significant difference between the reaction times of the dominant and the non-dominant hands nor a difference between the first-trained vs second-trained hands or sequences. When visual and motor plasticity are elicited simultaneously, motor plasticity is not impacted.

Having shown that visual and motor plasticity interact with each other, we investigated whether a correlation exists between the plastic potentials of the visual and motor cortex. We found no correlation between visual and motor plasticity across participants. We calculated two plasticity scores, one representing the maximal effect of motor learning (difference of the mean reaction time on the last block from the first block of training) and one indicating the speed of learning (difference in mean reaction times from the first to the second block). Neither of these motor plasticity scores correlates with the visual plasticity score (r = -0.01, p > 0.05, Figure 3a, r= 0.01, p > 0.05, Figure 3b).

One possible confound, which could potentially affect the ocular dominance shift induced by monocular deprivation, is the difference in visual stimulation during monocular deprivation for the simple visual task and the combined task as shown by a previous study [START_REF] Kim | Monocular Perceptual Deprivation from Interocular Suppression Temporarily Imbalances Ocular Dominance[END_REF] . While in the simple visual task, during monocular deprivation participants were free to perform their preferred activities and had therefore access to a rich visual environment, in the combined condition, visual stimulation during deprivation was reduced to the finger-tap sequence numbers displayed on a grey background. In order to address this possible confound, we performed a control experiment in which we measured the effect of 150 minutes of monocular deprivation on 10 participants who also performed the main experiment. In this visual control condition, during monocular was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

The copyright holder for this preprint (which this version posted May 4, 2022. ; https://doi.org/10.1101/2022.05.03.490377 doi: bioRxiv preprint deprivation, participants read stories displayed on a grey background reproducing the same amount of visual stimulation as in the combined condition (Figure 4a). We found that the shift in ocular dominance observed in the control condition was comparable to that observed in the simple visual task (Figure 4b). A two-way ANOVA (Block x Condition) confirmed that while in both conditions the ocular dominance index changed with blocks (F(6,54) = 13.6, p < 0.001, η 2 p = 0.60), there was no significant effect of condition (F(1,9) = 13.6, p > 0.05, η 2 p = 0.60), nor interaction between the two (F(6,54) = 0.94, p > 0.05, η 2 p = 0.09). A two-way (Block x Condition) repeated measures ANOVA between control and combined conditions showed a significant main effect of both the factor Block (F(6,54) = 9.78 , p < .001, η 2 p = .52) and Condition (F(1,9) = 9.55 , p = 0.013, η 2 p = .51) while the interaction between the two (F(6,54) = .59, p > .05, η 2 p = .06) remained insignificant. This indicates that the drop in the monocular deprivation effect observed in the combined condition was not due to poor visual stimulation.

Another potential confound in our study was the discrepancy in the working memory and attentional loads between the simple visual task and the combined task during monocular deprivation. Even though there is no clear evidence for a likely impact of working memory or attention on short-term monocular deprivation induced ocular dominance shift, the motor task nevertheless uses resources related to both. To distinguish better whether the effect we see on the ocular dominance shift in the combined condition is due to motor plasticity or merely to attentional engagement, we performed another control experiment in which, during deprivation, the participants performed a working memory task reproducing the demand on working memory and attention as in the simple motor task (Figure 5a). All participants of this attentional control condition also repeated the simple visual condition, and in baseline measurements, the ODI index was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

The copyright holder for this preprint (which this version posted May 4, 2022. ; https://doi.org/10.1101/2022.05.03.490377 doi: bioRxiv preprint was strongly correlated for the two conditions (Supplementary Figure 4a, rho = 0.84, p < 0.01), indicating good test-retest reliability. The results show that the ocular dominance shift in this attentional control condition is equivalent to that in the repeated simple visual condition (Figure 5b). A two-way ANOVA (Block x Condition) confirmed that while in both conditions the ocular dominance index changed with blocks (F(5,45) = 14.2, p < 0.001, η 2 p = 0.61), there was no significant effect of condition (F(1,9) = 0.80, p > 0.05, η 2 p = 0.08), nor interaction between the two (F(5,45) = 1.25, p > 0.05, η 2 p = 0.12). Reaction times and accuracy rates in the working memory task confirm that the participants were well engaged with the task (Supplementary Figure 4b &4c). This suggests that attentional engagement or working memory load does not have an impact on the monocular deprivation effect. In this control experiment, overall, we observed a smaller shift in ocular dominance compared to the main experiment (but no difference between the two conditions). We attribute this difference in the MD effect magnitude to the different experimental setups used for the two experiments, notably a large difference in luminance between the two screens used and a different mirror stereoscope system.

Discussion

Neuroplasticity in the adult brain has been canonically studied in a modular fashion, supporting the view that plasticity acts locally in different brain areas. Here we investigated for the first time the interaction between two different forms of plasticity by inducing visual and motor plasticity either separately or at the same time in a group of adult human volunteers. We found a unilateral interaction between these two forms of plasticity: when visual and motor plasticity are induced was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.
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One of the neural mechanisms underlying different forms of plasticity is the balance between excitation and inhibition (E/I), with a predominant role of GABAergic inhibition. Studies from both animal models and humans have shown that decreasing intracortical GABA levels promote visual [START_REF] Harauzov | Reducing Intracortical Inhibition in the Adult Visual Cortex Promotes Ocular Dominance Plasticity[END_REF][START_REF] Greifzu | Environmental enrichment extends ocular dominance plasticity into adulthood and protects from stroke-induced impairments of plasticity[END_REF] , motor [START_REF] Bütefisch | Mechanisms of use-dependent plasticity in the human motor cortex[END_REF][START_REF] Ziemann | Modulation of practice-dependent plasticity in human motor cortex[END_REF] and hippocampal [START_REF] Mclean | Bidirectional plasticity expressed by GABAergic synapses in the neonatal rat hippocampus[END_REF][START_REF] Paulsen | A model of hippocampal memory encoding and retrieval: GABAergic control of synaptic plasticity[END_REF] plasticity. Indeed, it has been shown that GABAergic inhibition is also involved in the two paradigms that we used to induce visual and motor plasticity: motor sequence learning induces a decrease of the GABA levels in the motor cortex [START_REF] Floyer-Lea | Rapid Modulation of GABA Concentration in Human Sensorimotor Cortex During Motor Learning[END_REF][START_REF] Stagg | The Role of GABA in Human Motor Learning[END_REF] and a reduction in visual cortical GABA concentration has been observed after short-term monocular deprivation [START_REF] Lunghi | Short-Term Monocular Deprivation Alters GABA in the Adult Human Visual Cortex[END_REF] . It is therefore possible that the observed interaction between motor and visual plasticity is mediated by a disruption of the E/I balance. This hypothesis is consistent with evidence from animal models showing that a localized stroke in S1 or M2 abolishes ocular dominance plasticity [START_REF] Greifzu | Global impairment and therapeutic restoration of visual plasticity mechanisms after a localized cortical stroke[END_REF][START_REF] Pielecka-Fortuna | A Small Motor Cortex Lesion Abolished Ocular Dominance Plasticity in the Adult Mouse Primary Visual Cortex and Impaired Experience-Dependent Visual Improvements[END_REF] . After a stroke, a reduction of GABA concentration occurs at the level of the motor and the sensorimotor cortex. This response enhances plasticity and therefore promotes recovery in the lesioned area [START_REF] Manganotti | Motor Cortical Disinhibition During Early and Late Recovery After Stroke[END_REF][START_REF] Kim | Functional Recovery After Ischemic Stroke Is Associated With Reduced GABAergic Inhibition in the Cerebral Cortex: A GABA PET Study[END_REF][START_REF] Blicher | GABA Levels Are Decreased After Stroke and GABA Changes During Rehabilitation Correlate With Motor Improvement[END_REF][START_REF] Alia | Reducing GABAA-mediated inhibition improves forelimb motor function after focal cortical stroke in mice[END_REF] . We therefore speculate that the negative influence of motor plasticity on visual plasticity that we observed might be due to motor projections on the visual cortex. The disruption in E/I balance in the motor cortex might be transmitted to the visual cortex, disrupting the E/I balance there, in the reverse direction. The reason for this was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

The copyright holder for this preprint (which this version posted May 4, 2022. ; https://doi.org/10.1101/2022.05.03.490377 doi: bioRxiv preprint 21 interruptive influence might be maintaining global homeostasis between excitation and inhibition in the brain in order to avoid extreme instability. When it comes to plasticity, the motor cortex might be taking priority and depressing the visual cortex since the visual environment is more stable and motor plasticity is more needed on a general basis. How this short-term interaction is reflected on the consolidation of motor learning, however, is not explored in our study although we see no difference in immediate offline gains.

Positive interactions between the motor and the visual systems have also been observed, one specific case being the influence of locomotion on visual cortical activity and plasticity.

Environmental enrichment, with its critical component of physical exercise [START_REF] Bavelier | Removing Brakes on Adult Brain Plasticity: From Molecular to Behavioral Interventions[END_REF][START_REF] Baroncelli | Enriched experience and recovery from amblyopia in adult rats: Impact of motor, social and sensory components[END_REF] , promotes the recovery of visual function in adult amblyopic rodents [START_REF] Sale | Environmental enrichment in adulthood promotes amblyopia recovery through a reduction of intracortical inhibition[END_REF] , the restauration of juvenile-like ocular dominance plasticity in healthy adult rodents [START_REF] Kalogeraki | Voluntary Physical Exercise Promotes Ocular Dominance Plasticity in Adult Mouse Primary Visual Cortex[END_REF][START_REF] Greifzu | Environmental enrichment preserved lifelong ocular dominance plasticity, but did not improve visual abilities[END_REF] , and even the preservation of ocular dominance plasticity after a stroke in S1 [START_REF] Greifzu | Environmental enrichment extends ocular dominance plasticity into adulthood and protects from stroke-induced impairments of plasticity[END_REF][START_REF] Kalogeraki | Voluntary Physical Exercise Promotes Ocular Dominance Plasticity in Adult Mouse Primary Visual Cortex[END_REF] . In humans too, physical exercise has been shown to promote ocular dominance plasticity in both normal sighted [START_REF] Lunghi | A cycling lane for brain rewiring[END_REF] and amblyopic [START_REF] Lunghi | A new counterintuitive training for adult amblyopia[END_REF] subjects. One crucial difference between physical activity and motor plasticity (either induced by learning or in response to a stroke) is that during physical activity, the E/I balance changes at the level of the motor cortex are still open to debate [START_REF] Mellow | Acute aerobic exercise and neuroplasticity of the motor cortex: A systematic review[END_REF][START_REF] Clos | Locomotor activities as a way of inducing neuroplasticity: insights from conventional approaches and perspectives on eccentric exercises[END_REF] . While studies clearly show that motor learning leads to a decrease in GABAergic inhibition in the human motor cortex [START_REF] Bütefisch | Mechanisms of use-dependent plasticity in the human motor cortex[END_REF][START_REF] Ziemann | Modulation of practice-dependent plasticity in human motor cortex[END_REF][START_REF] Floyer-Lea | Rapid Modulation of GABA Concentration in Human Sensorimotor Cortex During Motor Learning[END_REF][START_REF] Stagg | The Role of GABA in Human Motor Learning[END_REF] , changes induced by physical activity are not in consensus: although some studies defend a decrease in GABA [START_REF] Mooney | Acute aerobic exercise modulates primary motor cortex inhibition[END_REF][START_REF] Stavrinos | High-intensity Interval Exercise Promotes Motor Cortex Disinhibition and Early Motor Skill Consolidation[END_REF] and increased excitability in corticospinal pathway [START_REF] Yamaguchi | Effects of pedaling exercise on the intracortical inhibition of cortical leg area[END_REF][START_REF] Smith | The influence of a single bout of aerobic exercise on short-interval intracortical excitability[END_REF][START_REF] Singh | Aerobic exercise modulates intracortical inhibition and facilitation in a nonexercised upper limb muscle[END_REF] , others conclude decreased excitability [START_REF] Bonato | Direct' and 'crossed' modulation of human motor cortex excitability following exercise[END_REF][START_REF] Kennedy | Effects of fatigue on corticospinal excitability of the human knee extensors[END_REF][START_REF] Goodall | Modulation of specific inhibitory networks in fatigued locomotor muscles of healthy males[END_REF] or higher GABA levels [START_REF] Coxon | GABA concentration in sensorimotor cortex following high-intensity exercise and relationship to lactate levels[END_REF] . On the other hand it has been shown that the effect of physical activity on visual plasticity is mediated by decreased GABAergic inhibition in the primary visual cortex [START_REF] Baroncelli | Enriched experience and recovery from amblyopia in adult rats: Impact of motor, social and sensory components[END_REF] mediated by the activation of a specific disinhibitory circuit (VIP and SST+ interneurons [START_REF] Fu | A Cortical Circuit for Gain Control by Behavioral State[END_REF][START_REF] Lee | Identification of a Brainstem Circuit Regulating Visual Cortical State in Parallel with Locomotion[END_REF] While our results show an interaction between motor and visual plasticity, we did not find a correlation between the two. Assuming the plastic capacities of different regions of the brain are linked, we expected to see a positive or negative correlation between the two plasticity scores.

The lack of correlation in our results can be due to the different nature of the tasks we used.

Motor sequence learning induces a Hebbian form of plasticity that is mainly LTP-like [START_REF] Ziemann | Learning Modifies Subsequent Induction of Long-Term Potentiation-Like and Long-Term Depression-Like Plasticity in Human Motor Cortex[END_REF][START_REF] Stefan | Temporary Occlusion of Associative Motor Cortical Plasticity by Prior Dynamic Motor Training[END_REF][START_REF] Rosenkranz | Differential Modulation of Motor Cortical Plasticity and Excitability in Early and Late Phases of Human Motor Learning[END_REF] . The ocular dominance shift observed after short-term monocular deprivation, on the other hand, is a result of homeostatic mechanisms [START_REF] Lunghi | Long-term effects of monocular deprivation revealed with binocular rivalry gratings modulated in luminance and in color[END_REF][START_REF] Lunghi | Short-term monocular deprivation alters early components of visual evoked potentials[END_REF][START_REF] Lunghi | Short-Term Monocular Deprivation Alters GABA in the Adult Human Visual Cortex[END_REF][START_REF] Binda | Short-term monocular deprivation enhances 7T BOLD responses and reduces neural selectivity in V1[END_REF] . Homeostatic plasticity is short-lived and aims to preserve a certain E/I balance in the cortex as can be seen with the return to baseline after patch removal. LTP-like plasticity, in motor learning, comes with long-lived changes and goes through a consolidation phase after the initial training. We speculate that, while the lack of correlation between visual and motor plasticity confirms that these two forms of plasticity act at the local level, the interaction between the two indicates the existence of a global homeostatic mechanism regulating local plasticity in separate systems.

Although we included a control for the role of visual stimulation and another for the role of attention and working memory, ruling out a main contribution of these two factors in explaining the observed interaction between visual and motor plasticity, our study lacked a control condition for the role of motor activity. In the combined condition, the participants continuously performed finger taps during the monocular deprivation whereas in the simple visual condition there was no structured motor activity. Despite the fact that the motor sequence learning task we chose does not impose a high level of motor activity on the participants, one might argue that the effect that we see is due simply to motor activity and is not specifically related to motor plasticity. We believe that this is unlikely because of two reasons: first, evidence from previous was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

The copyright holder for this preprint (which this version posted May 4, 2022. ; https://doi.org/10.1101/2022.05.03.490377 doi: bioRxiv preprint studies have shown that motor activity has either a boosting [START_REF] Greifzu | Environmental enrichment extends ocular dominance plasticity into adulthood and protects from stroke-induced impairments of plasticity[END_REF][START_REF] Lunghi | A cycling lane for brain rewiring[END_REF][START_REF] Greifzu | Environmental enrichment preserved lifelong ocular dominance plasticity, but did not improve visual abilities[END_REF][START_REF] Lunghi | A new counterintuitive training for adult amblyopia[END_REF] or a neutral [START_REF] Finn | Visual plasticity and exercise revisited: No evidence for a "cycling lane[END_REF] effect on visual plasticity. Second, in the simple visual condition, during monocular deprivation participants were free to perform motor activity: they all used their phones or computers, performing finger taps analogous to those involved in the motor learning task.

Taken together, our results hint at the existence of a global regulation of plasticity in the brain modulating the local expression of plasticity in separate systems. We speculate that changes in the motor cortex E/I balance mediated by GABA regulation have modulated visual cortex E/I balance in the opposite direction in order to ensure overall stability of activity in the brain and preserve general homeostasis. Given the abundance of environmental conditions requiring motor adaptation in contrast to relative stability of the visual function, we propose that the motor cortex is less restricted in the disruption of E/I balance and hence can take priority over the visual cortex. Further studies focusing on the exact nature of this interaction are in order.

Understanding the links between different forms of plasticity is the key for more efficient and innovative approaches to rehabilitative interventions on neurological diseases and brain injury.

The ability to tie together motor and visual plasticity may prove useful to recovery from visual or motor dysfunction as seen by the advances in treatment of amblyopia [START_REF] Lunghi | A new counterintuitive training for adult amblyopia[END_REF] .
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