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Fluoxetine Does Not Enhance Visual Perceptual Learning and Triazolam Specifically Impairs Learning Transfer
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The selective serotonin reuptake inhibitor fluoxetine significantly enhances adult visual cortex plasticity within the rat. This effect is related to decreased gamma-aminobutyric acid (GABA) mediated inhibition and identifies fluoxetine as a potential agent for enhancing plasticity in the adult human brain. We tested the hypothesis that fluoxetine would enhance visual perceptual learning of a motion direction discrimination (MDD) task in humans. We also investigated (1) the effect of fluoxetine on visual and motor cortex excitability and (2) the impact of increased GABA mediated inhibition following a single dose of triazolam on post-training MDD task performance. Within a double blind, placebo controlled design, 20 healthy adult participants completed a 19-day course of fluoxetine (n = 10, 20 mg per day) or placebo (n = 10). Participants were trained on the MDD task over the final 5 days of fluoxetine administration. Accuracy for the trained MDD stimulus and an untrained MDD stimulus configuration was assessed before and after training, after triazolam and 1 week after triazolam. Motor and visual cortex excitability were measured using transcranial magnetic stimulation. Fluoxetine did not enhance the magnitude or rate of perceptual learning and full transfer of learning to the untrained stimulus was observed for both groups. After training was complete, trazolam had no effect on trained task performance but significantly impaired untrained task performance. No consistent effects of fluoxetine on cortical excitability were observed. The results do not support the hypothesis that fluoxetine can enhance learning in humans. However, the specific effect of triazolam on MDD task performance for the untrained stimulus suggests that learning and learning transfer rely on dissociable neural mechanisms.
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INTRODUCTION

Visual perceptual learning (VPL) is an established model of adult human brain plasticity that involves improved visual task performance with training (Epstein, 1967; Gibson, 1969, 1991; Watanabe and Sasaki, 2015). VPL can be highly specific to the trained stimulus configuration (Ball and Sekuler, 1982). This implies the involvement of neural populations in visual areas such as V1, V2, V4, and the middle temporal area (MT) that are tightly tuned to orientation, retinal location and motion direction (Fiorentini and Berardi, 1980; Ball and Sekuler, 1982, 1987; Karni and Sagi, 1991; Gilbert, 1994). The involvement of the primary and extrastriate visual cortex in VPL has been supported, in part, by primate neurophysiology (Zohary et al., 1994; Crist et al., 2001; Schoups et al., 2001; Ghose et al., 2002; Li et al., 2004, 2008; Rainer et al., 2004; Yang and Maunsell, 2004; Raiguel et al., 2006; Hua et al., 2010; Adab and Vogels, 2011; Yan et al., 2014) and human neuroimaging studies (Schiltz et al., 1999, 2001; Schwartz et al., 2002; Furmanski et al., 2004; Walker et al., 2005; Yotsumoto et al., 2008; Bao et al., 2010; Shibata et al., 2011, 2012; Thompson et al., 2013; Bi et al., 2014). However, transfer of learning to untrained stimuli and tasks can occur (Ahissar and Hochstein, 1997; Liu, 1999; Liu and Weinshall, 2000; Xiao et al., 2008; Jeter et al., 2009; Green et al., 2015) indicating that higher-level decision making areas are also involved in VPL. In agreement with this idea, primate neurophysiological data have revealed learning induced changes within the decision-making area LIP (lateral intraparietal sulcus) but not in MT following motion discrimination VPL (Law and Gold, 2008). Neuromodulation and fMRI studies in humans have also shown that VPL involves decision-making areas (Kahnt et al., 2011; Chen et al., 2015, 2016).

In accordance with evidence suggesting that VPL involves multiple cortical areas, some current VPL models propose changes at more than one stage of visual processing or type of stimulus representation (Dosher et al., 2013; Watanabe and Sasaki, 2015). For example, Watanabe and Sasaki (2015) suggest that perceptual learning of a trained task involves changes in the representation of stimulus features, possibly within visual cortex, as well as changes in task-specific visual processing that may involve decision making areas. Within this schematic model, transfer of learning to an untrained stimulus location may involve task-specific changes only (Watanabe and Sasaki, 2015).

Visual perceptual learning has been used as a model to investigate the effects of neuromodulatory interventions on adult brain plasticity. Interventions that enhance VPL include transcranial random noise stimulation (Fertonani et al., 2011) and the administration of donepezil to increase the synaptic concentration of acetylcholine (Rokem and Silver, 2010, 2013). Enhanced VPL was also found in patients with increased glutamatergic transmission due to Huntington’s disease (Beste et al., 2012). These studies demonstrate that altered cortical function can enhance VPL.

Pharmacological manipulations have also been used to increase visual cortex plasticity in animal models (Bavelier et al., 2010). In an influential study, Maya Vetencourt et al. (2008) found that chronic administration of the selective serotonin reuptake inhibitor (SSRI) fluoxetine dramatically enhanced visual cortex plasticity in adult rats, effectively ‘reopening’ the critical period for visual cortex development. Plasticity was linked to an increased concentration of brain derived neurotrophic factor (BDNF) and a reduction in visual cortex gamma-aminobutyric acid (GABA) concentration. Increasing GABA with diazepam blocked the plasticity enhancing effects of fluoxetine. This result suggested that fluoxetine might be beneficial in the treatment of neurological vision disorders such as amblyopia in adult patients.

Selective serotonin reuptake inhibitors may also increase cortical plasticity in humans. Normann et al. (2007) reported that the SSRI sertraline enhanced the effect of a visual stimulation protocol designed to induce long-term potentiation (LTP) in the human primary visual cortex. Furthermore, SSRIs can enhance motor cortex excitability and plasticity (Loubinoux et al., 1999, 2002a,b, 2005; Gerdelat-Mas et al., 2005). For example, a single dose of citalopram induced acute increases in motor cortex plasticity measured with paired associative stimulation (PAS), a technique that utilizes transcranial magnetic stimulation (TMS) paired with electrical stimulation of a peripheral nerve to induce LTP like changes in cortical excitability (Bezchlibnyk-Butler et al., 2000). Fluoxetine may also enhance the effects of physiotherapy for stroke patients, possibly by increasing motor cortex plasticity (Chollet et al., 2011).

The primary aim of this double blind, placebo-controlled study was to assess whether a 3-week course of fluoxetine would enhance VPL of a motion direction discrimination (MDD) task (Ball and Sekuler, 1987) in visually normal adults. Our hypothesis was that fluoxetine would enhance the rate, amount and transfer of VPL by increasing visual cortex plasticity.

The study also involved a number of secondary aims. We assessed the effect of SSRIs on visual and motor cortex excitability by using TMS to measure phosphene and motor thresholds (Deblieck et al., 2008). Acute changes in excitability were measured 2 h after a single dose of citalopram, an SSRI with a rapid onset of action (Bezchlibnyk-Butler et al., 2000). Chronic changes in excitability were assessed during and after the course of fluoxetine. Also, acute and chronic SSRI effects on motor cortex plasticity were assessed using PAS. Finally, at the end of the study, we delivered an acute dose of the benzodiazepine triazolam to test the effect of increased GABA mediated inhibition on MDD task performance (both trained task performance and transfer of learning). Genotyping for BDNF was also conducted for a subset of our participants because BDNF may influence an individual’s response to interventions designed to modulate neuroplasticity (Cheeran et al., 2010).

MATERIALS AND METHODS

Study Design

A double blind, placebo controlled experimental design was adopted. Participants were randomized to the active or placebo group by a computer-based random number generator after recruitment to the study. Investigators were masked to group allocations until data collection and processing were complete.

The study design is shown in Table 1. Participants completed 14 study visits over a period of 6 weeks. The first two visits were practice sessions in which participants were familiarized with the psychophysical MDD task and the use of TMS to measure visual and motor cortex excitability via phosphene and motor thresholding techniques. Session 3 involved baseline measurements and session 4 repeated these measures after an acute dose of citalopram (active group) or placebo (placebo group). Citalopram was chosen for the assessment of acute SSRI effects because its peak plasma concentration is reached after ∼2 h rather than fluoxetine which takes in excess of 6 h. The day after session 4 participants began their 19-day course of once-daily fluoxetine (active group) or placebo (placebo group) tablets. Fluoxetine was used for this section of the study because it is has a longer half-life than citalopram (fluoxetine = 1–3 days for an acute dose vs. 35 h for citalopram). This results in consistent plasma concentrations and therefore more stable pharmacodynamic effects. A 19-day course was provided because the downstream auto-regulatory effects of the SSRIs take around 2 weeks to occur (Stahl, 1998). Measures were repeated on the day of the 7th dose (session 5) and on the day of the 14th dose (session 6). A course of five daily VPL sessions (sessions 7–11) began on the day of the 15th dose and ended on the day of the 19th and final dose. Measures were made the day after the final dose (session 12) and a blood sample was taken for BDNF genotyping. Three days after the final fluoxetine dose all participants (both active and placebo groups) were given triazolam (time to peak plasma concentration ∼1 h, biological half-life = 2 h) and measures were repeated 2 h later (session 13). A final set of measures was collected 1 week after the triazolam dose (session 14).

TABLE 1. The study design.

[image: image]

Participants

Twenty participants were recruited using posters and advertising in and around the University of Auckland. Inclusion criteria: male, right-handed [Edinburgh Handedness Questionnaire (Oldfield, 1971) score greater than zero], 18–40 years of age, normal or corrected-to-normal vision, no contraindications for TMS. Exclusion criteria: self-reported personal or family history of a mood disorder such as depression or bipolar disorder, smoker, diabetes, history of: drug, alcohol or nicotine addiction, use of medications or supplements known to alter mood; such as St John’s Wort, history of seizures, post-graduate students supervised by one of the researchers involved in the study. The Northern X Ethics Board of New Zealand approved the study and all study protocols compiled with the Declaration of Helsinki.

Right-handed males were recruited to reduce variability in the measurement of motor cortex excitability due to handedness or hormonal changes during the menstrual cycle. A psychiatrist (SSRI eligibility) and a neurologist (TMS eligibility) reviewed screening information prior to enrollment. Participants were paid $600 in vouchers and were asked to refrain from taking caffeine on test days and avoid the use of recreational drugs (except alcohol) during the study. A urine test was administered as part of session 12 to screen for recreational drug use. No participants failed the test. Regular telephone contact was maintained with participants to ensure that they did not experience any adverse drug effects and to encourage compliance with the study protocol.

Drug Prescription

Active or placebo tablets (1 × 20 mg citalopram and 19 × 20 mg fluoxetine or 20 × methylcellulose) were dispensed in unmarked blister packs by an unmasked pharmacist. A 3-week course was chosen to limit the exposure of our participants to SSRIs. All participants were given 0.0625 mg of triazolam at the start of session 14. The citalopram and triazolam doses were taken 2 h before testing. Fluoxetine doses were taken at breakfast.

Motion Direction Discrimination

Participants fixed on a central point and judged whether the motion direction of two consecutively presented dot fields was the same or different (Ball and Sekuler, 1987; Liu, 1999). The stimulus contained 400 dark dots (0.1°) randomly distributed within a light gray 8° circular aperture (65 cm viewing distance). During each stimulus presentation, the dots moved coherently above or below a fixed motion orientation, which was either toward the top right hand corner (315° orientation) or the top left hand corner of the screen (225° orientation) at 10°/s. If the stimuli moved in different directions, one direction was always above the fixed motion orientation and one was below. Therefore, the motion stimulus had two direction components, a motion orientation and a motion direction (Figure 1). The motion orientation bisected the two motion directions shown within a trial. Task difficulty was manipulated by varying the angular difference between the two directions shown in a trial.
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FIGURE 1. A schematic of the motion direction discrimination task. The gray arrows show the motion orientation and the small black arrows individual dot directions. Participants judged whether two consecutively presented dot fields moved in the same or different directions. The arrows are for illustration purposes only.



Psychometric functions were measured without feedback separately for each motion orientation during sessions 3–6 and 12–14. A psychometric function for one motion orientation consisted of 140 trials for each of five angular differences (12°, 10°, 8°, 6°, and 4°) that were presented in a random order (700 trials total). A Weibull function was fitted to the resulting data for each motion orientation to provide an estimate of the 75% correct threshold angular difference.

Participants were familiarized with the task in sessions 1 and 2 by performing 40 trials at an angular difference of 15° with visual feedback until they reached 90% accuracy for both motion orientations. Two psychometric function measurements were then completed with feedback, one for each motion orientation.

Motion direction discrimination training occurred on sessions 7–11 and involved a daily block of 700 trials with feedback presented at the 75% threshold measured on session 6 (the day before training). Only one motion orientation was trained. The motion orientation to be trained was randomly assigned to each participant prior to active or placebo group randomization.

Mood

The Profile of Mood State – Short Form questionnaire (POMS-SF), and the Depression, Anxiety and Stress Scale (DASS-21) were administered at the initial screening and consent visit as part of the eligibility criteria assessment. The POMS-SF was completed at every session to test for any SSRI-induced changes in mood. The Total Mood Disturbance score (TMD = [Tension + Depression + Anger + Fatigue + Confusion] – Vigor) was used for analysis (McNair et al., 1971).

Transcranial Magnetic Stimulation

Transcranial Magnetic Stimulation measures of visual and motor cortex excitability were made on sessions 1–6 and 12–14 using a MagStim 200 stimulator and a flat, 70 mm figure of eight coil. PAS was delivered using a MagStim Rapid 2 stimulator equipped with a 70 mm double air film coil and a Grass S48 direct current stimulator with a constant current unit (CCU5) was used for median nerve stimulation.

Phosphene Thresholds

Participants wore lightproof goggles and were instructed to keep their eyes open, while gazing straight ahead. Single-pulse TMS was delivered with the coil handle oriented upward. The coil center was positioned 2 cm above the inion, and the coil position was altered in 1 cm steps in a grid pattern until the optimal position for eliciting a phosphene was determined. Stimulation began at 30% maximum stimulator output (MSO) and was increased until a phosphene was observed reliably. If 100% MSO was reached on two attempts without phosphene perception the procedure was terminated. Phosphenes were verified by ensuring that they occurred in the hemifield contralateral to the stimulated hemisphere. The phosphene threshold was defined as the minimum intensity that produced a phosphene on four out of eight consecutive TMS pulses.

In addition to a standard phosphene threshold, a new measure of perceived phosphene intensity was used to quantify any SSRI-induced changes in the suprathreshold phosphene stimulus-response function. A stimulus intensity range was calibrated using the immediately preceding phosphene threshold measurement. Ranges were 40–80, 50–90, or 60–100% MSO with pulses delivered at 10% MSO intervals within the range. The range with the lower bound closest to (but exceeding) the phosphene threshold was chosen on a session-by-session basis. First, a pulse with the strongest strength in the range was delivered to the phosphene hotspot to generate a reference phosphene. Participants rated the strength of all subsequent phosphenes relative to the reference using a visual analogue scale (VAS). Each of the five pulse strengths was repeated five times in a random order. Perceived intensity was calculated by measuring the distance between the start of a VAS line and the bisection drawn by the participant in mm. Data from each session were fit with a logistic function to provide a 50% of maximum intensity threshold. Thresholds exceeding 100% MSO were set to 100% MSO.

Resting Motor Threshold

Electromyography (EMG) was recorded in a standard manner by using electrodes placed on the abductor pollicis brevis (APB) muscle and the first dorsal interosseous (FDI) muscle, of the relaxed right hand. Rest motor threshold (RMT) was determined for the FDI muscle to the nearest 1% of stimulator output as the lowest stimulus intensity that produced an MEP > 50 μV in at least four of eight trials (Rossini et al., 1994).

Paired Associative Stimulation

Motor cortex excitability was assessed pre- and post-PAS by measuring stimulus response curves for both the APB and FDI muscles. Single pulse TMS was delivered in pseudo randomized blocks of 10 trials at stimulation intensities of 40, 50, 60, 70, and 80% MSO. For each trial, peak to peak MEP amplitude was determined within a 10–45 ms window following TMS. Pre-TMS root mean square EMG activity was recorded for 100 ms prior to each TMS pulse to ensure that the muscles were at rest. The MEP amplitudes within a block were ranked and the mean MEP amplitude for the central six MEPs was calculated. A linear function was then fit to the means of the five blocks within a session and the slope of the function was used as a measure of excitability. The ratio of pre to post PAS slopes (post/pre) was used for analysis.

The PAS protocol involved direct current stimulation of the right median nerve combined with motor cortex TMS. Median nerve stimulation had an intensity of three times the participant’s sensory detection threshold and was delivered in bursts of 10 pulses at 30 Hz. Bursts of median nerve stimulation were paired with TMS of the APB hotspot once every 1.1 s. TMS was delivered at 100% of RMT. The PAS protocol delivered 180 pairs of stimuli (Stefan et al., 2002) and lasted 200 s.

BDNF Polymorphisms

Participants were asked to provide a blood sample at the end of session 12. The sample was processed to identify single-nucleotide polymorphisms (SNP) for BDNF. Participants could opt out of the blood sample and still remain eligible for the study. Genotyping was undertaken using the Agena MassArray iPLEX assay (Agena Bioscience, San Diego, CA, USA). Analysis using the Bruker Mass Spectrometer was then conducted using parameters optimized for iPLEX chemistry allowing allele specific single base extensions to be resolved. Visual quality checks were made of the generated peaks in addition to the non-template control prior to report generation using Typer 4 analysis software (Agena Bioscience).

RESULTS

Twenty participants completed the study, 10 active (mean age 24.5 years, ±6.1) and 10 placebo (24.5, ±5.5 years). Three eligible participants withdrew from the study prior to randomization due to the time commitment required. Three participants (two active and one placebo) did not attend session 4 due to mild illnesses such as colds. The drug dose was still taken. BDNF polymorphisms were available for 14 participants (seven per group). Both groups included participants with each possible BDNF polymorphism (Placebo; 3 val66, 1 met66, and 3 val66met, Active; 4 val66, 1 met66, and 2 val66met). ANOVA analyses were Huynh-Feldt corrected for sphericity where necessary.

Visual Perceptual Learning

Fluoxetine and Learning

A mixed ANOVA with factors of treatment group (active vs. placebo) and training session (five levels; sessions 7–11), was conducted on the percent correct scores. Accuracy improved across sessions for both groups (F3,47 = 11.4, p < 0.001; Figure 2A). However, there was no interaction between session and treatment group (F3,47 = 0.51, p = 0.7) indicating that the rate and magnitude of learning did not differ between the two groups. To confirm this, linear functions were fit to each participant’s learning curve and the slopes were compared between the active and placebo groups. The mean slope for the active group (1.7, ±1.2) did not differ from the placebo group (1.8, ±2.4), t18 = 0.1, p = 0.9. In addition, exponential functions were fit to the error rate curves for each participant and the model parameters were compared between the active and placebo groups. No significant differences were found between the two groups (all t > 1.1, all p > 0.1). A separate ANOVA with an additional between subjects factor of BDNF polymorphism (n = 14) revealed no main effects or interactions involving BDNF polymorphism (all p > 0.05).
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FIGURE 2. The effect of fluoxetine on visual perceptual learning (VPL). (A) Group mean trained task percent correct for the placebo and active groups as a function of training session (S7–S11: Table 1). Task difficulty was fixed at the pre training 75% correct threshold. (B) 75% correct angular difference thresholds for the trained and untrained motion orientations from psychometric function measurements made pre (S6) and post (S12) training (Table 1). Error bars show SEM. Asterisks denote statistically significant main effects of training (p < 0.05) see main text for details.



To determine the specificity of learning for the trained motion orientation, psychometric functions before (session 6) and after (session 12) training were compared. A mixed ANOVA with factors of treatment group, session (pre-training, post-training) and motion orientation (trained, untrained) was conducted on the angular threshold data. Learning significantly reduced thresholds (F1,18 = 22.6, p < 0.001) but the extent of this learning was not influenced by group or motion orientation (all interactions p > 0.05; Figure 2B). These results demonstrate a full transfer of learning from the trained motion orientation to the untrained motion orientation that did not differ significantly between the two groups.

Acute Effect of Citalopram on Motion Direction Discrimination

Angular thresholds derived from psychometric function measurements were compared between the baseline session (Session 3) and the acute citalopram session (Session 4). The data were collapsed across motion orientation as training had not yet taken place. A repeated measures ANOVA with factors of session (baseline and acute citalopram) and group (placebo vs. active) revealed that citalopram had no acute effect on task performance. There was no significant main effect of session (F1,15 = 1.3, p = 0.3), between-subjects effects of group (F1,15 = 195.5, p = 0.3) or interaction (F1,15 = 3.8, p = 0.07).

Triazolam and Post-training Motion Direction Discrimination

Angular thresholds were compared the day before (session 12), 2 h after (session 13), and the 1-week after (session 14) triazolam administration. Two participants were excluded from this secondary analysis (one from each group) as they did not demonstrate learning over the 5-day training period and therefore the effect of triazolam on improved task performance could not be measured. These two participants showed no improvement in task performance between the first and last training session and linear functions fitted to their training data were negative.

A mixed ANOVA with factors of session (post-training, triazolam, and washout), training orientation (untrained and trained) and group (active and placebo) was conducted on the angular difference thresholds. Only the interaction between training orientation and session was significant (F2,32 = 3.4, p = 0.04). Paired samples t-tests conducted on the angular difference thresholds collapsed across group demonstrated that triazolam impaired MDD for the untrained orientation only (Figure 3).
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FIGURE 3. The effect of triazolam on trained and untrained task performance after learning was complete. There was complete transfer of learning from pre (S6) to post (S12) training. Only learning transfer was affected by triazolam (S13). Thresholds had returned to post training levels 1 week after triazolam (washout; S14). Error bars show SEM. Asterisks depict statistically significant effects of triazolam (p < 0.05).



Cortical Excitability

Thirteen participants (eight placebo, five active) perceived phosphenes and were included in the phosphene threshold analyses. One participant from the placebo group had a missing data point (S4) that was imputed using the last observation carried forward method. For standard phosphene thresholds, a mixed ANOVA with factors of session (seven sessions: 3–6 and 12–14) and group (placebo and active) revealed a significant main effect of session (F4,43 = 5.8, p = 0.001) indicating a systematic reduction in phosphene threshold over time (Figure 4A). There was no session by group interaction (F4,43 = 2.0, p = 0.11). A close inspection of the data (Figure 4) suggested a trend for a larger decrease in threshold for the active group across sessions. The active group had significantly lower thresholds than the placebo group on session 13 (t11 = 2.7, p = 0.02) and session 14 (t11 = 3.3, p = 0.01).
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FIGURE 4. Visual cortex excitability as a function of session for participants who perceived phosphenes within the placebo (n = 8) and active (n = 5) groups. (A) Phosphene thresholds. (B) Suprathreshold phosphene intensities corresponding to 50% of maximum intensity. Units are % maximum stimulator output (MSO). Sessions: baseline = S3, citalopram = S4, Post 1 week = S5, Pre Training = S6, Post Training = S12, Triazolam = S13, Washout = S14. Asterisks indicate statistically significant differences between the active and placebo groups (p < 0.05).



A similar pattern of results was evident for the suprathreshold phosphene intensity rating measurements (Figure 4B). Thresholds significantly decreased over consecutive sessions (F6,66 = 3.1, p = 0.008) indicating an increase in cortical excitability. This effect differed significantly between the two groups (significant interaction between treatment group and session, F6,66 = 2.5, p = 0.03). The placebo group did not exhibit a significant change over consecutive sessions (F6,42 = 0.3, p = 0.9), whereas the active group did (F6,24 = 7.1, p < 0.001). The groups differed significantly at sessions 13 (t11 = 2.1, p = 0.04) and 14 (t11 = 2.4, p = 0.04).

Resting motor thresholds were stable across all sessions (F6,108 = 0.72, p = 0.6) and did not differ between the two groups for any session (p > 0.05; Figure 5A).
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FIGURE 5. Resting motor threshold (A) and Profile of Mood States Short Form (POMS) Total Score (B) as a function of session for the placebo and active groups. Resting motor thresholds are expressed in units of % MSO and were assessed on sessions 3–6 and 12–14 (Table 1). POMS scores were collected on every session. Error bars show SEM.



Mood

Six participants in the placebo group and four participants in the active group had one missing POMS score due to an absence or incorrect completion of the questionnaire. These missing data points were imputed using the last observation carried forward when possible. If the S3 data point was missing, the S4 data point was carried backward. The POMS-SF TMD score did not vary significantly across sessions (F4,73 = 0.71, p = 0.6) and there was no session by group interaction (F4,73 = 1.36, p = 0.2; Figure 5B). This was also the case when the analyses were repeated without imputation for missing values. Therefore, consistent with previous work, (Gelfin et al., 1998) [but see (Serretti et al., 2010)] fluoxetine did not alter mood in our healthy participants.

Paired Associative Stimulation

There was considerable variability in the response to PAS (Figure 6). Significant PAS induced facilitation was not observed at baseline for either muscle (APB or FDI) or post PAS time point (5 and 20 min post PAS), all t < 1.2, all p > 0.25. The placebo and active groups did not differ significantly across sessions for either post PAS time point for either muscle (all F < 1.8, all p > 0.1). There were no interactions between group and session (all F < 0.2, all p > 0.2). A sub-analysis including only participants for whom BDNF polymorphism data were available revealed no interaction between BDNF polymorphism and group (all F < 0.6, all p > 0.4). A separate analysis of the pre and post citalopram data (session 3 vs. session 4) revealed no significant interaction between session and group for either the 5 min post PAS (F1,15 = 0.2, p = 0.7) or the 20 min post PAS data (F1,15 = 1.6, p = 0.2).
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FIGURE 6. The effect of PAS on motor cortex excitability across sessions for the placebo and drug groups. PAS data are shown as linear slope of the stimulus response curve post/pre ratios. Ratios of 1 indicate no change, >1 indicates facilitation, <1 indicates suppression. APB, abductor pollicis brevis muscle; FDI, first dorsal interosseous muscle; 5 m, 5 min post PAS; 20 m, 20 min post PAS. Error bars show SEM.



DISCUSSION

Our primary hypothesis was that fluoxetine would increase the rate and magnitude of VPL compared to placebo in observers with normal vision. This hypothesis was not supported. The active and placebo groups did not differ significantly in any of the metrics of VPL that we investigated. However, increased GABA-mediated inhibition due to an acute dose of triazolam was found to selectively impair improved MDD that was due to learning transfer. This suggests that training and transfer effects induced by VPL rely on dissociable neural mechanisms.

Studies designed to pharmacologically manipulate learning are faced with a large parameter space in terms of drug dosing. Our choice of 20 mg per day for 3 weeks was driven by a desire to give the minimum clinically effective dose for a period of time that does not typically affect mood. However, it is possible that larger doses or longer courses of fluoxetine would enhance learning. Prior studies on rats have used high doses of fluoxetine to induce plasticity (Maya Vetencourt et al., 2008). It is also possible that SSRIs may have a greater influence on visual cortex plasticity in patients with visual disorders such as amblyopia. A greater propensity for perceptual learning has been reported in such patients (Huang et al., 2008). Finally, we may not have had sufficient statistical power to detect a difference in learning between the two treatment groups. However, our data do not show any trends that are indicative of an effect of fluoxetine on learning suggesting that increasing statistical power may not have changed our results.

We observed a complete transfer of learning to the untrained motion orientation after 5 days of training. This was unexpected based on previous studies using the same task (Ball and Sekuler, 1987). Two factors are likely to have contributed to this transfer. Firstly, participants were tested extensively on both motion orientations prior to training over the course of five psychometric function measurements per orientation. Each measurement consisted of 700 trials. Familiarization to both motion orientations also occurred in the initial practice sessions. This procedure ensured a stable pre-training baseline measure for both motion orientations. Pre-training or double training has previously been found to prime transfer to untrained stimulus features (Xiao et al., 2008) including an untrained motion direction (Zhang and Yang, 2014). Our psychometric function measurements may have acted to prime transfer to the untrained motion orientation. Second, we trained participants at a fixed angular difference that corresponded to their 75% correct threshold pre training and allowed accuracy to improve. This meant that the task became easier and required less precision. Training on easier tasks (Liu, 1999) results in greater learning transfer and transfer is greater to tasks that do not require high precision judgments (Jeter et al., 2009). In addition, unlike some previous studies, (Liu and Vaina, 1998; Rokem and Silver, 2010) the corners of the monitor screen were visible to our participants during stimulus presentation. Although the stimulus was presented centrally and was 13.5° from the corners of the screen, it is possible that the corners provided spatial cues that aided learning transfer.

The complete transfer of learning between the trained and untrained motion orientations enabled observation of an unexpected effect of the benzodiazepine triazolam on MDD task performance. Triazolam significantly impaired task performance for the untrained motion direction (learning transfer) but not the trained motion direction. To our knowledge, this is the first pharmacological evidence for differential neural mechanisms underlying learning and transfer in a VPL paradigm. The differential effect of triazolam on learning and transfer is consistent with current models of perceptual learning that postulate a two-stage learning process for the trained task (changes at both a sensory and decision making stage) and a single stage learning process for transfer (changes at a decision making stage only) (Watanabe and Sasaki, 2015). Triazolam causes hyperpolarization of cells by allosteric modulation of the GABA–A binding site and therefore inhibits neural activity. Triazolam reduces the temporal sensitivity of vision (Maddock et al., 1993) and similar benzodiazepines such as lorazepam may impair visual processing and attention mechanisms (Giersch et al., 1995; Giersch and Herzog, 2004; Michael et al., 2007). Our data indicate that the neural mechanisms underlying VPL of the trained stimulus are robust to the effects of triazolam whereas those underlying learning transfer are not. This may reflect a stronger effect of triazolam on higher-level areas that underpin learning transfer compared to early sensory processing areas that support trained task performance.

Selective serotonin reuptake inhibitors have been found to increase cortical excitability (Loubinoux et al., 1999, 2002a, 2005; Gerdelat-Mas et al., 2005). We did not find significant acute effects of citalopram on visual cortex excitability, however, chronic administration of fluoxetine did appear to increase excitability, particularly for the suprathreshold phosphene intensity measure. However, the lack of a session by group interaction effect for the phosphene threshold measure and the fact that not all participants saw phosphenes preclude strong conclusions being drawn. We found no evidence for SSRI induced changes in resting motor threshold. This is inconsistent with previous reports. For example, a single dose of citalopram has been reported to transiently reduce motor thresholds (Robol et al., 2004). Previous studies have compared pre and post citalopram measures that were made on the same day, whereas, we compared the post citalopram measurements to measurements made 2 days prior. The added variability within our design may have masked any small effect of citalopram on motor cortex excitability.

We did not observe statistically significant PAS induced facilitation of cortical excitability for the group in any session of this study, nor did we observe any effect of SSRI administration. There are considerable individual differences in the response to PAS (Stefan et al., 2004; Cheeran et al., 2008; Cirillo et al., 2009, 2012; Huang et al., 2009; Missitzi et al., 2011; Witte et al., 2012) and it is possible that our relatively small sample size did not provide sufficient power to detect PAS effects. Alternatively, the protocol utilized may not have been optimal to induce LTP-like facilitation of cortical excitability.

In summary, we found no evidence for an enhancement of motion VPL with fluoxetine. However, triazolam administration impaired task performance for an untrained motion orientation that exhibited learning transfer but not for the trained motion orientation. This provides support for the theory that learning and transfer of learning rely on dissociable neural mechanisms.

AUTHOR CONTRIBUTIONS

Experiment design: AL, JB, WB, RK, BR, CS, and BT. Data collection: AL, MF, and LG. Data analysis: AL and BT. Manuscript preparation: AL and BT. Manuscript Editing: JB, WB, RK, BR, CS, and MF. Project supervision: BT.

FUNDING

This work was supported by the Marsden Fund of New Zealand grant number 09-UOA-067 and NSERC grant RGPIN-2015-05394.

ACKNOWLEDGMENTS

We thank Frederique Noten for assistance with data collection as well as Briar Rudsis and Raewyn Hopkins for phlebotomy.

REFERENCES

Adab, H. Z., and Vogels, R. (2011). Practicing coarse orientation discrimination improves orientation signals in macaque cortical area v4. Curr. Biol. 21, 1661–1666. doi: 10.1016/j.cub.2011.08.037

Ahissar, M., and Hochstein, S. (1997). Task difficulty and the specificity of perceptual learning. Nature 387, 401–406. doi: 10.1038/387401a0

Ball, K., and Sekuler, R. (1982). A specific and enduring improvement in visual motion discrimination. Science 218, 697–698. doi: 10.1126/science.7134968

Ball, K., and Sekuler, R. (1987). Direction-specific improvement in motion discrimination. Vision Res. 27, 953–965. doi: 10.1016/0042-6989(87)90011-3

Bao, M., Yang, L., Rios, C., He, B., and Engel, S. A. (2010). Perceptual learning increases the strength of the earliest signals in visual cortex. J. Neurosci. 30, 15080–15084. doi: 10.1523/JNEUROSCI.5703-09.2010

Bavelier, D., Levi, D. M., Li, R. W., Dan, Y., and Hensch, T. K. (2010). Removing brakes on adult brain plasticity: from molecular to behavioral interventions. J. Neurosci. 30, 14964–14971. doi: 10.1523/JNEUROSCI.4812-10.2010

Beste, C., Wascher, E., Dinse, H. R., and Saft, C. (2012). Faster perceptual learning through excitotoxic neurodegeneration. Curr. Biol. 22, 1914–1917. doi: 10.1016/j.cub.2012.08.012

Bezchlibnyk-Butler, K., Aleksic, I., and Kennedy, S. H. (2000). Citalopram–a review of pharmacological and clinical effects. J. Psychiatry Neurosci. 25, 241–254.

Bi, T., Chen, J., Zhou, T., He, Y., and Fang, F. (2014). Function and structure of human left fusiform cortex are closely associated with perceptual learning of faces. Curr. Biol. 24, 222–227. doi: 10.1016/j.cub.2013.12.028

Cheeran, B., Koch, G., Stagg, C. J., Baig, F., and Teo, J. (2010). Transcranial magnetic stimulation: from neurophysiology to pharmacology, molecular biology and genomics. Neuroscientist 16, 210–221. doi: 10.1177/1073858409349901

Cheeran, B., Talelli, P., Mori, F., Koch, G., Suppa, A., Edwards, M., et al. (2008). A common polymorphism in the brain derived neurotrophic factor gene (BDNF) modulates human cortical plasticity and the response to rTMS. J. Physiol. 58, 5717–5725. doi: 10.1113/jphysiol.2008.159905

Chen, N., Bi, T., Zhou, T., Li, S., Liu, Z., and Fang, F. (2015). Sharpened cortical tuning and enhanced cortico-cortical communication contribute to the long-term neural mechanisms of visual motion perceptual learning. Neuroimage 115, 17–29. doi: 10.1016/j.neuroimage.2015.04.041

Chen, N., Cai, P., Zhou, T., Thompson, B., and Fang, F. (2016). Perceptual learning modifies the functional specializations of visual cortical areas. Proc. Natl. Acad. Sci. U.S.A. 113, 5724–5729. doi: 10.1073/pnas.1524160113

Chollet, F., Tardy, J., Albucher, J.-F., Thalamas, C., Berard, E., Lamy, C., et al. (2011). Fluoxetine for motor recovery after acute ischaemic stroke (FLAME): a randomised placebo-controlled trial. Lancet Neurol. 10, 123–130. doi: 10.1016/S1474-4422(10)70314-8

Cirillo, J., Hughes, J., Ridding, M., Thomas, P. Q., and Semmler, J. G. (2012). Differential modulation of motor cortex excitability in BDNF Met allele carriers following experimentally induced and use-dependent plasticity. Eur. J. Neurosci. 36, 2640–2649. doi: 10.1111/j.1460-9568.2012.08177.x

Cirillo, J., Lavender, A. P., Ridding, M. C., and Semmler, J. G. (2009). Motor cortex plasticity induced by paired associative stimulation is enhanced in physically active individuals. J. Physiol. 587, 5831–5842. doi: 10.1113/jphysiol.2009.181834

Crist, R. E., Li, W., and Gilbert, C. D. (2001). Learning to see: experience and attention in primary visual cortex. Nat. Neurosci. 4, 519–525.

Deblieck, C., Thompson, B., Iacoboni, M., and Wu, A. D. (2008). Correlation between motor and phosphene thresholds: a transcranial magnetic stimulation study. Hum. Brain Mapp. 29, 662–670. doi: 10.1002/hbm.20427

Dosher, B. A., Jeter, P., Liu, J., and Lu, Z. L. (2013). An integrated reweighting theory of perceptual learning. Proc. Natl. Acad. Sci. U.S.A. 110, 13678–13683. doi: 10.1073/pnas.1312552110

Epstein, W. (1967). Varieties of Perceptual Learning. New York, NY: McGraw-Hill Book Company.

Fertonani, A., Pirulli, C., and Miniussi, C. (2011). Random noise stimulation improves neuroplasticity in perceptual learning. J. Neurosci. 31, 15416–15423. doi: 10.1523/JNEUROSCI.2002-11.2011

Fiorentini, A., and Berardi, N. (1980). Perceptual learning specific for orientation and spatial frequency. Nature 287, 43–44. doi: 10.1038/287043a0

Furmanski, C. S., Schluppeck, D., and Engel, S. A. (2004). Learning strengthens the response of primary visual cortex to simple patterns. Curr. Biol. 14, 573–578. doi: 10.1016/j.cub.2004.03.032

Gelfin, Y., Gorfine, M., and Lerer, B. (1998). Effect of clinical doses of fluoxetine on psychological variables in healthy volunteers. Am. J. Psychiatry 155, 290–292.

Gerdelat-Mas, A., Loubinoux, I., Tombari, D., Rascol, O., Chollet, F., and Simonetta-Moreau, M. (2005). Chronic administration of selective serotonin reuptake inhibitor (SSRI) paroxetine modulates human motor cortex excitability in healthy subjects. Neuroimage 27, 314–322. doi: 10.1016/j.neuroimage.2005.05.009

Ghose, G. M., Yang, T., and Maunsell, J. H. (2002). Physiological correlates of perceptual learning in monkey V1 and V2. J. Neurophysiol. 87, 1867–1888. doi: 10.1152/jn.00690.2001

Gibson, E. J. (1969). Principles of Perceptual Learning and Development. New York, NY: Appleton-Century-Crofts.

Gibson, E. J. (1991). An Odyssey in Learning and Perception. Cambridge, MA: The MIT Press.

Giersch, A., Boucart, M., Danion, J. M., Vidailhet, P., and Legrand, F. (1995). Effects of lorazepam on perceptual integration of visual forms in healthy volunteers. Psychopharmacology (Berl.) 119, 105–114. doi: 10.1007/BF02246061

Giersch, A., and Herzog, M. H. (2004). Lorazepam strongly prolongs visual information processing. Neuropsychopharmacology 29, 1386–1394. doi: 10.1038/sj.npp.1300429

Gilbert, C. D. (1994). Early perceptual learning. Proc. Natl. Acad. Sci. U.S.A. 91, 1195–1197. doi: 10.1073/pnas.91.4.1195

Green, C. S., Kattner, F., Siegel, M. H., Kersten, D., and Schrater, P. R. (2015). Differences in perceptual learning transfer as a function of training task. J. Vis. 15, 5. doi: 10.1167/15.10.5

Hua, T., Bao, P., Huang, C. B., Wang, Z., Xu, J., Zhou, Y., et al. (2010). Perceptual learning improves contrast sensitivity of V1 neurons in cats. Curr. Biol. 20, 887–894. doi: 10.1016/j.cub.2010.03.066

Huang, C. B., Zhou, Y., and Lu, Z. L. (2008). Broad bandwidth of perceptual learning in the visual system of adults with anisometropic amblyopia. Proc. Natl. Acad. Sci. U.S.A. 105, 4068–4073. doi: 10.1073/pnas.0800824105

Huang, Y. Z., Sommer, M., Thickbroom, G., Hamada, M., Pascual-Leonne, A., Paulus, W., et al. (2009). Consensus: new methodologies for brain stimulation. Brain Stimul. 2, 2–13. doi: 10.1016/j.brs.2008.09.007

Jeter, P. E., Dosher, B. A., Petrov, A., and Lu, Z. L. (2009). Task precision at transfer determines specificity of perceptual learning. J. Vis. 9, 1–13. doi: 10.1167/9.3.1

Kahnt, T., Grueschow, M., Speck, O., and Haynes, J. D. (2011). Perceptual learning and decision-making in human medial frontal cortex. Neuron 70, 549–559. doi: 10.1016/j.neuron.2011.02.054

Karni, A., and Sagi, D. (1991). Where practice makes perfect in texture discrimination: evidence for primary visual cortex plasticity. Proc. Natl. Acad. Sci. U.S.A. 88, 4966–4970. doi: 10.1073/pnas.88.11.4966

Law, C.-T., and Gold, J. I. (2008). Neural correlates of perceptual learning in a sensory-motor, but not a sensory, cortical area. Nat. Neurosci. 11, 505–513. doi: 10.1038/nn2070

Li, W., Piech, V., and Gilbert, C. D. (2004). Perceptual learning and top-down influences in primary visual cortex. Nat. Neurosci. 7, 651–657. doi: 10.1038/nn1255

Li, W., Piech, V., and Gilbert, C. D. (2008). Learning to link visual contours. Neuron 57, 442–451. doi: 10.1016/j.neuron.2007.12.011

Liu, Z. (1999). Perceptual learning in motion discrimination that generalizes across motion directions. Proc. Natl. Acad. Sci. U.S.A. 96, 14085–14087. doi: 10.1073/pnas.96.24.14085

Liu, Z., and Vaina, L. M. (1998). Simultaneous learning of motion discrimination in two directions. Brain Res. Cogn. Brain Res. 6, 347–349. doi: 10.1016/S0926-6410(98)00008-1

Liu, Z., and Weinshall, D. (2000). Mechanisms of generalization in perceptual learning. Vision Res. 40, 97–109. doi: 10.1016/S0042-6989(99)00140-6

Loubinoux, I., Boulanouar, K., Ranjeva, J.-P., Carel, C., Berry, I., Rascol, O., et al. (1999). Cerebral functional magnetic resonance imaging activation modulated by a single dose of the monoamine neurotransmission enhancers fluoxetine and fenozolone during hand sensorimotor tasks. J. Cereb. Blood Flow Metab. 19, 1365–1375. doi: 10.1097/00004647-199912000-00010

Loubinoux, I., Pariente, J., Boulanouar, K., Carel, C., Manelfe, C., Rascol, O., et al. (2002a). A single dose of the serotonin neurotransmission agonist paroxetine enhances motor output: double-blind, placebo-controlled, fmri study in healthy subjects. Neuroimage 15, 26–36.

Loubinoux, I., Pariente, J., Rascol, O., Celsis, P., and Chollet, F. (2002b). Selective serotonin reuptake inhibitor paroxetine modulates motor behavior through practice. A double-blind, placebo-controlled, multi-dose study in healthy subjects. Neuropsychologia 40, 1815–1821.

Loubinoux, I., Tombari, D., Pariente, J., Gerdelat-Mas, A., Franceries, X., Cassol, E., et al. (2005). Modulation of behavior and cortical motor activity in healthy subjects by a chronic administration of a serotonin enhancer. Neuroimage 27, 299–313. doi: 10.1016/j.neuroimage.2004.12.023

Maddock, R. J., Casson, E. J., Lott, L. A., Carter, C. S., and Johnson, C. A. (1993). Benzodiazepine effects on flicker sensitivity: role of stimulus frequency and size. Prog. Neuropsychopharmacol. Biol. Psychiatry 17, 955–970. doi: 10.1016/0278-5846(93)90023-L

Maya Vetencourt, J. F., Sale, A., Viegi, A., Baroncelli, L., De Pasquale, R. F., O’leary, O., et al. (2008). The antidepressant fluoxetine restores plasticity in the adult visual cortex. Science 320, 385–388. doi: 10.1126/science.1150516

McNair, D. M., Lorr, M., and Droppleman, L. F. (1971). Manual for the Profile of Mood States. San Diego, CA: Educational and Industrial Testing Service.

Michael, G. A., Bacon, E., and Offerlin-Meyer, I. (2007). Lorazepam induces multiple disturbances in selective attention: attentional overload, decrement in target processing efficiency, and shifts in perceptual discrimination and response bias. J. Psychopharmacol. 21, 691–699. doi: 10.1177/0269881106074011

Missitzi, J., Gentner, R., Geladas, N., Politis, P., Karandreas, N., Classen, J., et al. (2011). Plasticity in human motor cortex is in part genetically determined. J. Physiol. 589, 297–306. doi: 10.1113/jphysiol.2010.200600

Normann, C., Schmitz, D., Fürmaier, A., Döing, C., and Bach, M. (2007). Long-term plasticity of visually evoked potentials in humans is altered in major depression. Biol. Psychiatry 62, 373–380. doi: 10.1016/j.biopsych.2006.10.006

Oldfield, R. C. (1971). The assessment and analysis of handedness: the Edinburgh inventory. Neuropsychologia 9, 97–113. doi: 10.1016/0028-3932(71)90067-4

Raiguel, S., Vogels, R., Mysore, S. G., and Orban, G. A. (2006). Learning to see the difference specifically alters the most informative V4 neurons. J. Neurosci. 26, 6589–6602. doi: 10.1523/JNEUROSCI.0457-06.2006

Rainer, G., Lee, H., and Logothetis, N. K. (2004). The effect of learning on the function of monkey extrastriate visual cortex. PLoS Biol. 2:E44. doi: 10.1371/journal.pbio.0020044

Robol, E., Fiaschi, A., and Manganotti, P. (2004). Effects of citalopram on the excitability of the human motor cortex: a paired magnetic stimulation study. J. Neurol. Sci. 221, 41–46. doi: 10.1016/j.jns.2004.03.007

Rokem, A., and Silver, M. A. (2010). Cholinergic enhancement augments magnitude and specificity of visual perceptual learning in healthy humans. Curr. Biol. 20, 1723–1728. doi: 10.1016/j.cub.2010.08.027

Rokem, A., and Silver, M. A. (2013). The benefits of cholinergic enhancement during perceptual learning are long-lasting. Front. Comput. Neurosci. 7:66. doi: 10.3389/fncom.2013.00066

Rossini, P. M., Barker, A. T., Berardelli, A., Caramia, M. D., Caruso, G., Cracco, R. Q., et al. (1994). Non-invasive electrical and magnetic stimulation of the brain, spinal cord and roots: basic principles and procedures for routine clinical application. Report of an IFCN committee. Electroencephalogr. Clin. Neurophysiol. 91, 79–92. doi: 10.1016/0013-4694(94)90029-9

Schiltz, C., Bodart, J. M., Dubois, S., Dejardin, S., Michel, C., Roucoux, A., et al. (1999). Neuronal mechanisms of perceptual learning: changes in human brain activity with training in orientation discrimination. Neuroimage 9, 46–62. doi: 10.1006/nimg.1998.0394

Schiltz, C., Bodart, J. M., Michel, C., and Crommelinck, M. (2001). A pet study of human skill learning: changes in brain activity related to learning an orientation discrimination task. Cortex 37, 243–265. doi: 10.1016/S0010-9452(08)70571-9

Schoups, A., Vogels, R., Qian, N., and Orban, G. (2001). Practising orientation identification improves orientation coding in V1 neurons. Nature 412, 549–553. doi: 10.1038/35087601

Schwartz, S., Maquet, P., and Frith, C. (2002). Neural correlates of perceptual learning: a functional MRI study of visual texture discrimination. Proc. Natl. Acad. Sci. U.S.A. 99, 17137–17142. doi: 10.1073/pnas.242414599

Serretti, A., Calati, R., Goracci, A., Di Simplicio, M., Castrogiovanni, P., and De Ronchi, D. (2010). Antidepressants in healthy subjects: what are the psychotropic/psychological effects? Eur. Neuropsychopharmacol. 20, 433–453. doi: 10.1016/j.euroneuro.2009.11.009

Shibata, K., Chang, L.-H., Kim, D., Náñez, J. E. Sr., Kamitani, Y., Watanabe, T., et al. (2012). Decoding reveals plasticity in V3A is a result of motion perceptual learning. PLoS ONE 7:e44003. doi: 10.1371/journal.pone.0044003

Shibata, K., Watanabe, T., Sasaki, Y., and Kawato, M. (2011). Perceptual learning incepted by decoded fMRI neurofeedback without stimulus presentation. Science 334, 1413–1415. doi: 10.1126/science.1212003

Stahl, S. M. (1998). Mechanism of action of serotonin selective reuptake inhibitors. Serotonin receptors and pathways mediate therapeutic effects and side effects. J. Affect. Disord. 51, 215–235.

Stefan, K., Kunesch, E., Benecke, R., Cohen, L. G., and Classen, J. (2002). Mechanisms of enhancement of human motor cortex excitability induced by interventional paired associative stimulation. J. Physiol. 543, 699–708. doi: 10.1113/jphysiol.2002.023317

Stefan, K., Wycislo, M., and Classen, J. (2004). Modulation of associative human motor cortical plasticity by attention. J. Neurophysiol. 92, 66–72. doi: 10.1152/jn.00383.2003

Thompson, B., Tjan, B. S., and Liu, Z. (2013). Perceptual learning of motion direction discrimination with suppressed and unsuppressed MT in humans: an fMRI study. PLoS ONE 8:e53458. doi: 10.1371/journal.pone.0053458

Walker, M. P., Stickgold, R., Jolesz, F. A., and Yoo, S. S. (2005). The functional anatomy of sleep-dependent visual skill learning. Cereb. Cortex 15, 1666–1675. doi: 10.1093/cercor/bhi043

Watanabe, T., and Sasaki, Y. (2015). Perceptual learning: toward a comprehensive theory. Annu. Rev. Psychol. 66, 197–221. doi: 10.1146/annurev-psych-010814-015214

Witte, A. V., Kurten, J., Jansen, S., Schirmacher, A., Brand, E., Sommer, J., et al. (2012). Interaction of BDNF and COMT polymorphisms on paired-associative stimulation-induced cortical plasticity. J. Neurosci. 32, 4553–4561. doi: 10.1523/JNEUROSCI.6010-11.2012

Xiao, L. Q., Zhang, J. Y., Wang, R., Klein, S. A., Levi, D. M., and Yu, C. (2008). Complete transfer of perceptual learning across retinal locations enabled by double training. Curr. Biol. 18, 1922–1926. doi: 10.1016/j.cub.2008.10.030

Yan, Y., Rasch, M. J., Chen, M., Xiang, X., Huang, M., Wu, S., et al. (2014). Perceptual training continuously refines neuronal population codes in primary visual cortex. Nat. Neurosci. 17, 1380–1387. doi: 10.1038/nn.3805

Yang, T., and Maunsell, J. H. (2004). The effect of perceptual learning on neuronal responses in monkey visual area V4. J. Neurosci. 24, 1617–1626. doi: 10.1523/JNEUROSCI.4442-03.2004

Yotsumoto, Y., Watanabe, T., and Sasaki, Y. (2008). Different dynamics of performance and brain activation in the time course of perceptual learning. Neuron 57, 827–833. doi: 10.1016/j.neuron.2008.02.034

Zhang, J. Y., and Yang, Y. X. (2014). Perceptual learning of motion direction discrimination transfers to an opposite direction with TPE training. Vision Res. 99, 93–98. doi: 10.1016/j.visres.2013.10.011

Zohary, E., Celebrini, S., Britten, K. H., and Newsome, W. T. (1994). Neuronal plasticity that underlies improvement in perceptual performance. Science 263, 1289–1292. doi: 10.1126/science.8122114

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2016 Lagas, Black, Byblow, Fleming, Goodman, Kydd, Russell, Stinear and Thompson. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cross.jpg
3,

i





OPS/images/fnhum-10-00532-g001.jpg
200 ms fixation it 200 ms fixation AL AU Behavioral response

presentation presentation

S5
r





OPS/images/fnhum-10-00532-g002.jpg
Percent Correct

90

85

—8—Placebo
=0~ Active

Training Session

w

Threshold Angular Difference

10

A O o

I—A—\ (—1—\
— —= — —
Pre Training Post Pre Training Post
Training Training

Trained Orientation

Untrained Orientation

BPlacebo
O Active





OPS/images/fnhum-10-00532-g003.jpg
o2 ©
o © »

o e
o O N O O
1 1 1 1 1

Threshold Angluar Difference

1
o

—4&— Untrained Orientation
=B~ Trained Orientation

Pre Training Post Training Triazolam

Washout





OPS/images/fnhum-10-00532-g004.jpg
@ Placebo

OFluoxetine

1






OPS/images/cover.jpg
, frontiers

in Human Neuroscience

Fluoxetine Does Not Enhance

Visual Perceptual Learning and

Triazolam Specifically Impairs
Learning Transfer





OPS/images/fnhum-10-00532-g005.jpg
BPlacebo

—&—Placebo
=0~ Active

Inoysepn
wejozel |
Buluies] 1sod
G Buiuies|

¥ Buluies |

¢ Buluies|

Z Buluies|

| Bulures|
Buiuies) aid
A9/ M L
weudojeyn
auljeseg

30 -

0O Active

| | | T 1
O 1O’ o v o
N YR

25 -

9100S SINOd [ejoL

10 1





OPS/images/fnhum-10-00532-g006.jpg
ABP 20 m

FDI 20 m
2 ¥ O O S
5 {o@ \$@® & Qfo@ S
\OQ N & @ '1/0 >
> AT KT @
C}\' o6 N4 & o

BPlacebo
0O Active

ABP 5m

FDI5m
S
& & &S
g & & &F F KRS
NN EASARAS G \$’b
I -
T Y F N

< © N -

oney Svd 8id/isod

o

oney Svd a8idfisod





OPS/images/fnhum-10-00532-t001.jpg
Monday

Tuesday
Wednesday

Thursday

Friday

Saturday
Sunday

Week 1

S1: Prac
MDD, TMS
82: Prac
MDD, TMS

Week 2

S3: Baseline
MDD, TMS

$4: Cital/pla
MDD, TMS

Start fluox/pla

Week 3

85: Wk 1 MDD, TMS

Week 4

$86: Pre VPL MDD, TMS

S7: VPL

S8: VPL
89: VPL

Week 5

$10: VPL

S11: VPL End fluox/pla

$12: Post VPL
MDD, TMS

$13: Triazolam
MDD, TMS

Week 6

$14: Washout
MDD, TMS

Prac, practice session; MDD, motion direction discrimination psychometric function measurements; TMS, transcranial magnetic stimulation measurements (phosphene
and motor thresholds); cital, citalopramy; pla, placebo; fluox, fluoxetine, gray shading indicates daily doses of fluoxetine or placebo; VPL, visual perceptual leaming training.
The Profile of Mood States Short Form Questionnaire was administered at every study visit





OPS/images/logo.jpg
, frontiers .
in Human Neuroscience





