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Abstract

Purpose: There is currently great interest in methods that can modulate brain

plasticity, both in terms of understanding the basic mechanisms, and in the reme-

dial application to situations of sensory loss. Recent work has focussed on how

different manipulations might be combined to produce new settings that reveal

synergistic actions. Here we ask whether a prominent example of adult visual

plasticity, called perceptual learning, is modified by other environmental factors,

such as visual stimulation and physical exercise.

Methods: We quantified the magnitude, rate and transfer of perceptual learning

using a peripheral Vernier alignment task, in two groups of subjects matched for

a range of baseline factors (e.g. age, starting Vernier threshold, baseline fitness).

We trained subjects for 5 days on a Vernier alignment task. In one group, we

introduced an exercise protocol with congruent visual stimulation. The control

group received the same visual stimulation, but did not exercise prior to measure-

ment of Vernier thresholds.

Results: Although the task generated large amounts of learning (~40%) and some

transfer to untrained conditions in both groups, there were no specific benefits

associated with either the addition of an exercise schedule or congruent visual

stimulation.

Conclusion: In adults, short periods of physical exercise and visual stimulation do

not enhance perceptual learning.

Introduction

There is both theoretical and practical interest in methods

that enable or enhance the expression of plasticity in the

adult brain.1,2 On the one hand, there is considerable

intrinsic curiosity in understanding how changes to

anatomical pathways, neurochemical cascades and network

dynamics remodel brain circuits to enhance or extend the

behavioural repertoire of the owner.3-5 While on the other,

manipulations of brain plasticity present an opportunity to

correct functional deficits arising during development, or

mitigate loss associated with ageing and neurological dis-

ease.6-9 Over the last few decades a range of approaches has

been developed with the potential to modify sensory,

motor and cognitive capacity in the adult brain across a

wide range of species. This activity has focussed on a num-

ber of levels of description, from genetic, cellular and molec-

ular through to systems and behaviour. In the visual system,

examples include pharmacological manipulation,10-14 corti-

cal stimulation,15-21 environmental enrichment,22-24

removal of light stimulation,25-27 aerobic exercise28 and

behavioural training such as perceptual learning and video

game play.3,29-33 The relative success of these different

approaches varies considerably (see Bavelier et al., for

review2). At present, there is generally little data available on

the combination of techniques to heighten visual plasticity,

perhaps with the notable exception of perceptual learning

and electrical stimulation of the visual cortex.15-19

Over and above the well-documented effects on cardio-

vascular health, moderate amounts of physical exercise are
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known to exert a positive influence on the neuroplasticity

of a range of brain systems.34 This link was originally based

on the early observation that good behavioural perfor-

mance on cognitive and motor tasks was associated with

regular patterns of physical activity.35,36 Since then, interest

has focussed on establishing a direct causal link, revealing

the structural and functional mechanisms that mediate

exercise-based neuroplasticity, and finding ways to opti-

mise it with a view to deployment in neuro-rehabilitative

strategies.37 With therapeutic use in mind, studies have set

out to establish whether different forms of physical exercise

promote brain plasticity, the extent to which they modify

behaviour, and to ask how the benefits are moderated by

other factors such as age, behavioural task, baseline fitness

and duration or intensity of physical activity. Animal stud-

ies point to a central role for brain-derived neurotrophic

factor (BDNF) - a key mediator of synaptic plasticity.38 In

adult rats, physical activity increases the level of BDNF and

nerve growth factors (NGF) across a broad range of brain

areas, including the cerebellum and cortex.39 These changes

in the circulating level of BDNF, and those of other mole-

cules such as vascular endothelial growth factor (VEGF)

and insulin-like growth factor (IGF-I), stimulate gliogene-

sis, neurogenesis, synaptogenesis and angiogeneisis.37 The

modified activity of neurotrophins play an important role

in mediating plasticity, and a key area of interest in beha-

vioural neuroscience is the enhancement of learning.

Rodent studies have revealed improvements in route find-

ing,40 avoidance41 and object recognition42 associated with

physical exercise. In humans, there is increasing evidence

that physical activity enhances cognitive and brain func-

tion.34,43 This has led to the suggestion that exercise, by

promoting neuroplasticity, may create a more permissive

neural environment for the application of behavioural

training programs.44

Recently, new studies have begun to investigate whether

exercise influences one of the most common forms of beha-

vioural plasticity associated with the human visual system -

perceptual learning. This term describes the improvements

in sensory performance, regularly found in adults, which

result from repeatedly performing a demanding visual task.

This form of plasticity is profound and omnipresent in the

human visual system, occurring across a multitude of dif-

ferent tasks.45,46 Although perceptual learning shows some

selectivity to the behavioural task, location in the visual

field or stimulus complexity, repeated exposure to near-

threshold stimuli invariably results in systematic improve-

ments in sensory performance that are retained over con-

siderable periods of time. The cortical mechanisms that

underpin perceptual learning remain unresolved, but

appear to operate at multiple levels across the visual hierar-

chy.47 Results so far on the interaction between visual sensi-

tivity, perceptual training and aerobic exercise have

produced rather contradictory findings. Woods and

Thomson48 reported that cycling, jogging and stair running

had no effect on a range of oculomotor control functions

or contrast sensitivity. Therefore, exercise does not appear

to influence baseline visual sensitivity. More recently, Perini

et al.,49 examined the ability of a single bout of aerobic

exercise to influence both magnitude and rate of perceptual

and motor learning using an orientation discrimination

task and thumb abduction task. They reported improved

discrimination thresholds for both tasks and concluded

that a single-session of moderate physical activity enhanced

both visual and motor learning for a period lasting around

30 min after exercise cessation. In contrast, Connell and

colleagues50 examined perceptual learning using a motion

direction discrimination task over a more prolonged period

(5 days). They concluded that daily periods of moderate

exercise did not influence either the rate of learning or its

transfer to untrained conditions. In a further divergence

from Perini and colleagues, they reported that when exer-

cise was delivered prior to the perceptual learning task, it

impaired learning rather than enhanced it.

Here we revisit this issue to try and resolve discrepancies

with previous work. We quantify the magnitude, rate and

transfer of perceptual learning using a peripheral Vernier

alignment task. This stimulus arrangement typically gener-

ates large threshold improvements, and the constraints on

behavioural performance are neural, rather than optical.

We asked subjects to train each day on the Vernier align-

ment task. In one group, we introduced an exercise proto-

col with congruent visual stimulation. The control group

received the same visual stimulation, but did not exercise.

We did this as recent work on mouse visual cortex has

shown recovery of visual function (following a period of

monocular deprivation) when locomotor activity is cou-

pled to visual stimulation, suggesting that both might be

necessary to generate behavioural improvements.51,52

Kaneko and Stryker performed intrinsic signal optical

imaging under four different conditions following re-open-

ing of the deprived eye. First, 4 h of daily running with

visual stimulation. Second, 4 h of daily running in the dark.

Third, running for the same period without visual stimula-

tion (viewing a blank grey screen) and finally, visual stimu-

lation without running. The visual stimulation consisted of

either dynamic sequences of contrast-modulated noise or

drifting bars spanning the full range of orientations. Rela-

tive to control animals housed in standard conditions (i.e.

no specific running or visual stimulation), the results

showed that neural response gain and visual recovery were

significantly enhanced when visual stimulation was pro-

vided during locomotion, but was not observed for either

locomotion or visual stimulation alone. Further, the recov-

ery was specific to the stimulus the animal viewed during

locomotion.51
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Methods

Participants

Forty adults with normal, or corrected-to-normal, vision

were recruited to this study. The general health of partici-

pants was evaluated using an institutionally developed gen-

eral health questionnaire. Participants with known

cardiovascular problems, metabolic disease or respiratory

problems were excluded from the study. Other exclusion

criteria included clinical depression, use of antipsychotics

and antidepressants, hormone replacement therapy and the

use of any drugs affecting the dopaminergic system.

Informed written consent was obtained from all partici-

pants before starting the experiment. The experimental

procedures complied with the Declaration of Helsinki and

were approved by the local Ethics Committee (School of

Psychology, University of Nottingham, UK).

Apparatus

Stimuli were generated on a PC using custom software

written in Python53 and presented on a LaCie Electron 22-

inch Blue IV colour CRT monitor (www.lacie.com) at a

refresh rate of 85 Hz and display resolution of

2048 9 1536 pixels. During measurements of visual

thresholds, participants had their heads held in a fixed posi-

tion using a forehead and chinrest. Testing was carried out

in a darkened and quiet room at a viewing distance of

2.75 m. Fixation was maintained on a small illuminated

external fixation spot that was external (adjacent) to the

display. Stimuli either consisted of vertically or horizontally

oriented abutting Vernier lines - each line element was 4.92

arcmin long and 0.492 arcmin wide, presented at an eccen-

tricity of 15 deg. in the nasal peripheral field of the right

eye while the left eye was occluded with a patch. The lumi-

nance of the Vernier lines was 83 cd/m2 while that of the

background was 0.29 cd/m2.

To deliver acute periods of aerobic activity we used a

road bike mounted on a stationary trainer (VR Fortius

Multiplayer Trainer; www.tacx.com). Tacx Trainer Soft-

ware 4 (www.tacx.com) was used to control the bike resis-

tance via an Apple Mac computer. The computer was

connected to a Panasonic TH-42PZ81B screen (www.pa

nasonic.com) placed in front of the bike at a viewing dis-

tance of 1.35 meters. During the aerobic activity phase, a

Tacx Real Life Video (www.tacx.com) was shown on the

viewing screen and a Garmin Forerunner 15 (www.ga

rmin.com) GPS running watch was used to monitor the

heart rate. Participants could control the bicycle gears in

order to maintain the required intensity of the physical

activity. The Tacx software provides access to over 100 Km

of virtual road network. For this study, we used a 30-min

route set in Corsica, France. The advantage of this

approach is that for the active condition, visual stimulation

(i.e. optic flow field) is directly coupled to activity on the

bike. The same video sequence, played at a constant rate

and viewed from the same distance, was used for the con-

trol condition.

Health and physiological assessments

A demographic and general health questionnaire was

administered to collect general information on date of

birth, gender, health history and habits related to health,

such as number of cigarettes smoked, units of alcohol and

cups of coffee consumed per day.

The International Physical Activity Questionnaire

(IPAQ) (Long Form, www.ipaq.ki.se) was administered to

establish baseline levels of physical activity. This instrument

has previously been used to monitor levels of physical activ-

ity across a broad range of countries and has been shown to

produce valid and repeatable data.54,55 Body Mass Index

(BMI) was calculated as weight in kilograms divided by

height in meters, squared and rounded to the nearest tenth.

The Rockport one-mile walk protocol56 was used as a

general-purpose estimate of cardiorespiratory fitness. Par-

ticipants were required to wear the heart rate monitor and

complete a 1-mile walk as quickly as possible without run-

ning. The estimate of the maximal oxygen consumption

(VO2max) was calculated using a gender-specific formula

that takes into consideration weight, age, heart rate and

time to complete the walk.

Psychophysical measurements

For vertically oriented Vernier stimuli, on each trial the

upper or lower line (randomly chosen) was placed at the

centre of the monitor. The upper line was then positioned

to the left or right, relative to the lower line, in random

order from trial to trial. Vernier stimuli were presented for

200 ms and participants were asked to indicate whether the

upper Vernier line was displaced to the left or to the right

of the lower line via a keyboard response. Auditory feed-

back was given at the end of each trial, and was related to

the actual position of the upper line: if the upper line was

displaced to the left of the lower line, a low-pitched tone

(frequency = 300 Hz) was played. Physical displacement of

the upper line in the opposite direction was associated with

a high-pitched tone (frequency = 800 Hz). The next stimu-

lus was displayed immediately after the participants made

their response. The horizontal separation of the two Ver-

nier lines was varied within a 3-down, 1-up staircase proce-

dure, where the step size was adjusted after each reversal

(1st = 4 pixels; 2nd = 3 pixels; 3rd = 2 pixels; 1 pixel there-

after). Each block terminated after 60 trials and thresholds

were estimated as the mean of the last four reversals. The
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experimental conditions were specifically chosen to match

those of an earlier study by Astle et al.57

Vernier thresholds were also measured for horizontally

oriented stimuli. Here, observers were asked to judge

whether the line on the left was displaced upwards or

downwards relative to the other line element. Again,

auditory feedback related to the physical offset of the left

line relative to the right was provided after each trial.

Otherwise, the experimental procedure and method for

threshold estimation was identical to the vertically orien-

tated stimuli. A peripheral Vernier task was chosen

because thresholds are known to be limited by cortical

magnification,58 and the elevated alignment thresholds

found in the normal periphery permit greater opportu-

nity for learning to take place. Previous work has

demonstrated substantial amounts of learning for this

particular task.57

Experimental design

Each participant was asked to complete seven sessions

(Figure 1), each lasting no more than 60 min.

Session 1

During the first session, the four health and physiological

measures outlined above were collected to ensure that for

each participant we had information on their general

health, routine levels of physical activity and aerobic fitness.

An opportunity to try the psychophysical task for no more

than 15 trials was given to participants prior to collection

of baseline Vernier alignment thresholds. Baseline thresh-

old estimates for the trained orientation (vertical) and

untrained Vernier orientation (horizontal) were based on

the results of at least three blocks (i.e. a minimum of 180

trials). Where more than three blocks were collected, the

standard deviation of the last four reversals was used to

select the three blocks that yielded the most stable threshold

estimates.

Three participants withdrew from the study after session 1.

The remaining participants were then allocated to either the

active (N = 18, mean age: 24.5 +/�3.4) or the inactive con-

trol group (N = 19, mean age: 28.1 +/�8.5) using a free

online minimisation tool (www.qminim.sourceforge.net).

Minimisation is routinely used in clinical trials to allocate

participants to different treatment arms in order to reduce

Figure 1. Schematic representation of experimental sequence. This shows the tasks performed by each participant group during the different phases

of the experiment: baseline (session 1), perceptual training (sessions 2–6), and post-training (session 7). For all participants, peripheral Vernier thresh-

olds, for both vertically and horizontally oriented stimuli, were measured in sessions 1 and 7. During sessions 2–6, the active group engaged in a per-

iod of moderate physical exercise while watching a video coupled to their progress around a cycling route and then trained on the peripheral Vernier

alignment task at a single orientation (vertical); the inactive group watched the same video but did not engage in any physical exercise, followed by

identical training on the Vernier alignment task (vertical). Each session was carried out on a different day. Wherever possible, sessions were completed

on consecutive days, where this was not possible there was no more than a 3-day gap between sessions.
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the influence of known confounding or prognostic factors.

This process ensured the groups were balanced for age, gen-

der, IPAQ score, BMI, VO2max, health related habits, and

importantly, starting threshold for the vertically oriented

Vernier stimuli. This latter factor is known to be a key deter-

minant of the magnitude of visual perceptual learning.57,59

Full details of participant characteristics are provided in

Tables S1 and S2.

Session 2-6 (Perceptual Training)

Active group. Participants were required to wear the heart

rate monitor and complete 30 min of physical activity on

the cycle simulator. This composed a 5-min warm-up,

20-min of exercise (at between 60%–70% of the average

maximum heart rate for a person of that age) and a 5-min

cool down. During the physical exercise period, partici-

pants viewed a real life video of a bike route shown on a

screen directly in front of them. Two sounds produced by

the heart rate monitor helped participants to exercise at the

required intensity: a high tone was played when heart rate

increased above the target range of the participant, and a

low tone was played when heart rate decreased below the

target range. Immediately after the physical exercise period,

participants completed two blocks of the Vernier alignment

task at the trained orientation (vertical). A rest period (max

5-min) was provided between the blocks, if required.

Inactive group. Participants were seated on a chair in front

of the screen and watched a 30-min long video of the same

route sequence used for the active condition. Although par-

ticipants were exposed to the same visual information, they

were not engaged in any physical activity. At the end of the

video, they were asked to complete two blocks of the Ver-

nier task at the same trained stimulus orientation (vertical).

Session 7 (Active and Inactive group)

During the final session, each participant completed a min-

imum of three blocks for both the trained (vertical) and

untrained (horizontal) orientation on the Vernier align-

ment task.

This experimental arrangement allowed us to compare

the influence of a period of physical activity on visual per-

ceptual learning. The visual stimulation and perceptual

training sequence was identical for both groups. By mea-

suring thresholds for trained and untrained orientations,

we can establish whether physical activity enhanced the

magnitude of perceptual learning (trained orientation) or

increased its generalisation to new stimulus arrangements

(untrained orientation). Furthermore, as we had access to

data from a previous experiment that used exactly the same

training task and retinal location, we were able to compare

the data to ask whether the additional visual stimulation

delivered to the inactive group during sessions 2-6 (optic

flow only) had any additional influence on perceptual

learning. Both physical activity and optic flow have been

implicated in animal studies as factors that promote recov-

ery of visual function.51

Analysis and statistics

Unpaired t-tests together with the Scaled JZS Bayes Factor

(BF)60,61 were used to assess differences between and within

groups. Where BF < 0.33 is considered “substantial evi-

dence” in favour of the null hypothesis, BF > 3 is consid-

ered “substantial evidence” in favour of the alternative

hypothesis, and BF > 10 is considered “strong evidence” in

favour of the alternative hypothesis. Finally, BF > 30 be

considered “very strong evidence” in favour of the alterna-

tive hypothesis.

The ratios between pre-training thresholds and thresh-

olds obtained at each subsequent training session were

computed for the active and the inactive groups. These

ratios underwent a mixed analysis of variance (ANOVA)

with group (active vs inactive) as a between-subject factor

and session as a within-subject factor. Post-hoc analysis for

each group included within-subject polynomial contrasts

and between- and within-subjects t-tests.

The amount of transfer (pre-post training ratios of the

untrained orientation) and differences in transfer between

groups were assessed with a mixed ANOVA with stimulus

(trained vs untrained) as a within-subject factor and group

as a between subject factor, on the ratios between pre- and

post-training thresholds. In addition, we performed single-

sample and between-subjects t-tests.

Results

No statistically significant difference was found between

groups for any of the baseline measurements: thresholds

for the trained stimuli (t35 = �0.19, p = 0.85, BF = 0.32),

BMI (t35 = 0.17, p = 0.86, BF = 0.32), IPAQ scores

(t35 = 0.09, p = 0.92, BF = 0.32) and VO2max

(t35 = �0.52, p = 0.6, BF = 0.35). Therefore, any differ-

ences in the magnitude of perceptual learning between

active and inactive groups are likely to reflect changes in

cortical plasticity, rather than other confounding factors.

To determine whether perceptual training led to learn-

ing, we compared thresholds for the vertically-oriented

Vernier stimulus before (pre-) and after (post-) training.

We also estimated the time course of threshold changes

during the training period. Figure 2 shows the ratios

between pre-training thresholds and thresholds subse-

quently obtained in each training session, plotted separately

for the active (A) and the inactive (B) group. Ratios <1 rep-
resent improvements in alignment thresholds. Both groups
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show substantial improvements in performance; the mean

ratio in session 7 (�1standard error of the mean - SEM)

was 0.7 (�0.06) and 0.6 (�0.09) for the active and the inac-

tive group, respectively.

A mixed ANOVA with training session as a within-sub-

jects factor and group as a between-subjects factor showed

a significant effect of session (F6,210 = 8.41, p < 0.001,

gp
2 = 0.19), but no effect of group (F1,35 = 1.39, p = 0.25,

gp
2 = 0.04), nor any interaction between group and session

(F6,210 = 1.41, p = 0.21, gp
2 = 0.01). This suggests a simi-

lar improvement in performance across sessions in both

groups. In fact, improvements in performance from the

first to the last session were significant for both groups (ac-

tive group t17 = 4.63, p < 0.001, BF = 130.39; inactive

group t18 = 4.49, p = 0.001, BF = 111.47), but there was

no statistical difference in post-hoc ratios at session 7 (that

is, in the amount of learning between the groups,

t35 = �1.04, p = 1, BF = 0.48).

Polynomial contrasts revealed that the decrease in

threshold across sessions were best interpolated by a linear

function for both the active (F1,17 = 36.7, p < 0.001,

gp
2 = 0.68) and inactive groups (F1,18 = 8.46, p < 0.01,

gp
2 = 0.32), although a cubic fit was also significant for the

inactive group (F1,18 = 7.26, p < 0.05). The slopes describ-

ing the rate of decrease in thresholds in the two groups

were also similar (t35 = �0.47, p = 0.64, BF = 0.34). How-

ever, numerically the mean slope was larger in the inactive

(0.31) group with respect to the active (0.26) group. Taken

together, these data suggest that physical activity under-

taken by the active group did not increase the magnitude of

learning, nor the rate of learning, relative to the inactive

group. We found no significant relationship between the

magnitude of learning and any measures of baseline fitness.

To ascertain whether physical exercise influenced the

transfer of learned improvements to an untrained stimulus

orientation, alignment thresholds were compared for hori-

zontally oriented stimuli, measured only on the first and

the final sessions. The data presented in Figure 3 show that

the untrained orientation (UT) performance improved

with a ratio of 0.9 (�0.06) and 0.7 (�0.07) for the active

and the inactive group respectively. A mixed ANOVA with

stimulus (trained vs untrained) as a within-subject factor

and group as a between-subject factor on the ratio between

pre- and post-training thresholds, showed a significant

effect of the stimulus (F1,35 = 6.12, p < 0.05, gp
2 = 0.15).

This indicates that the amount of improvement differed

between trained and untrained stimulus orientations, but

no difference between active and inactive group

(F1,35 = 1.29, p = 0.26, gp
2 = 0.03), nor any interaction

(F1,35 = 2.87, p = 0.99, gp
2 = 0.08) was observed. In fact,

while the untrained orientation showed a smaller but sig-

nificant improvement between pre- and post-training

thresholds (active group: t17 = 2.74, BF = 4.01; inactive

group: t18 = 3.91, BF = 36.15), again we found no statisti-

cal difference in transfer between groups (t35 = �1.23,

p = 0.23, BF = 0.57). Therefore, physical exercise exerted

no discernible influence between the two groups on the

transfer of learning to untrained stimulus orientations. The

small improvement for the untrained (horizontal) orienta-

tion is likely the result of taking two repeated measure-

ments and reflects a combination of procedural and rapid

perceptual learning.62 There is some evidence of this in the

training data of the inactive group, where thresholds show

a rather dramatic drop between sessions 1 & 2, and a more

gradual improvement thereafter. This effect is much less

pronounced in the data from the active group, where we

observed a more regular reduction in threshold across ses-

sions.

To determine whether visual stimulation alone enhances

learning, we compared the performance of the subjects

Figure 2. Magnitude and time course of perceptual learning. The figure shows the mean improvement for the active (a) and the inactive (b) group

across training sessions. Data are normalised for each participant to their initial threshold. Error bars represent �1 standard error of the mean (SEM).
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tested here with another group of participants from an ear-

lier study that used the same experimental conditions.57

First we confirmed that there were no differences in Vernier

starting thresholds (one-way ANOVA (F2,45 = 0.30,

p = 0.74) across groups. Comparing the time course of

learning of the three groups (Figure 4), we found a

Figure 3. Improvements in performance for trained and untrained stimuli orientation. Scatter plots show improvements in Vernier alignment thresh-

old for trained (green) and untrained (red) stimulus orientations for the active and the inactive groups. The identity line indicates where data would lie

had no perceptual learning occurred. The summary bar graph shows improvement ratios for trained (black) and untrained (grey) stimulus orientations

for each group.
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significant improvement in performance across sessions

(F6,270 = 13, p < 0.001, gp
2 = 0.22), but no significant

interaction between session and group (F12,270 = 1.29,

p < 0.22, gp
2 = 0.05), indicating that the pattern of learn-

ing was not influenced by either physical exercise, nor by

visual stimulation from the video. Post-hoc polynomial

contrasts indicate that learning curves were again well

described by a linear function. The slope parameter did not

differ between groups (range: �0.04 to �0.05; F2,45 = 0.13,

p = 0.87).

Discussion

The key finding of this study is that perceptual training

over a period of seven sessions produced similar levels of

improvement in Vernier alignment threshold for a trained

stimulus orientation in both the active and inactive groups.

This result is entirely consistent with a large body of work

that has demonstrated significant threshold reductions (or

perceptual learning) across a broad range of visual tasks.46

Critically, although the task generated large amounts of

learning, there were no specific benefits associated with

either the addition of an exercise schedule or congruent

visual stimulation.

Animal models suggest that locomotor activity plays an

important role in gating plasticity in the adult visual cortex.

For example, neurons in rodent primary visual cortex show

a dramatic increase in firing rate (almost two-fold) as the

animal transitions from a stationary position to running.63

These increases are not associated with changes in the

spontaneous level of activity and are not mirrored in earlier

neural structures such as the thalamus, suggesting that

changes in responsiveness do not result from peripheral

effects at the level of the eye. Instead, modified neural

responsiveness due to locomotion involves the activation of

vasoactive intestinal peptide (VIP) neurons in the primary

visual cortex, which in turn inhibit somatostatin (SST)

inhibitory neurons, thereby disinhibiting excitatory pyra-

midal neurons and allowing them to respond more strongly

to visual stimuli for which they are selective.64 These find-

ings have established a key circuit for cortical gain control

and provides an important link between locomotion and

adult visual plasticity. Interestingly, the enhancement of V1

responses in mice during running occurs regardless of

visual input; the same effect is seen when mice run in the

dark.64 More recent work in the mouse cortex suggests that

locomotion also improves stimulus discriminability by

reducing correlated noise across the active population.65 If

cycling regulated the gain of cortical responses via a similar

circuit in humans, then one might expect to see enhanced

learning. However, this would be predicated on the

assumption that the neural mechanisms determining posi-

tional sensitivity would benefit from enhanced responses in

the primary visual cortex, and that plasticity associated

with the change in behavioural state persists for some time

after the activity has ceased.

Benjamin et al.66 recently reported a straight test of the

link between enhanced locomotion-based activity and

visual sensitivity. They measured subjects’ ability to detect

contrast changes while walking at a steady speed (5 km/h)

on a motorised treadmill. Both psychophysical and electro-

physiological measurements failed to reveal any enhance-

ment associated with brisk walking. In fact, additional

measures of surround suppression suggested that when the

target was surrounded by a collinear mask, thresholds were

actually elevated.66 The divergence in results between

humans and mice was attributed to species-specific differ-

ences in the link between locomotion and arousal; both are

tightly coupled in mice and it may be the latter that drives

the increases in neuronal responsiveness.67 This explana-

tion would appear to be broadly consistent with the finding

that locomotion-based changes in neural responsiveness in

mouse cortex are not linked to visual input.64

A direct link between visual input and locomotor activity

was revealed in a study looking at functional rescue from

visual deprivation in adult mice. Recovery was observed

when visual stimulation and locomotion were combined,

but not for either condition in isolation.51 In support, other

work has identified neural populations in mouse cortex

that integrate locomotion and visual input68 or register sen-

sorimotor mismatches between these signals.69 Taken

together, the form of plasticity which drives recovery from

visual deprivation in adult mice, involves circuits that

require the co-activation of visual and locomotor systems.51

It was for this reason that we sought to ensure that the

Figure 4. Characteristics of learning compared across three groups.

Performance from the active and inactive groups are compared with a

control group from a previous study by Astle and colleagues.57 Data are

normalised for each group to their starting thresholds. There was no

statistical difference in the amount of learning between any of the

groups.
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visual stimulation experienced was congruent with the

physical activity subjects were asked to undertake. During

the active state, the large-field optic flow generated by the

cycling simulator was consistent with natural cycling. The

cycling simulator was set up in a dark room to try to limit

access to other conflicting cues such as ground flow and

static objects in the peripheral field. After cycling, there

were no reports of any perceptual distortions of walking

velocity that readily occur when visual information and

locomotor activity are decoupled – for example, when run-

ning on a treadmill.70 However, we did not incorporate all

cues to egomotion, such as auditory signals or tactile infor-

mation from air resistance. Despite our careful attempts to

match visual information to the physical activity, we did

not observe any additional effects on visual perceptual

learning.

Physical exercise is thought to play an important role

in visual homeostatic plasticity.28 Lunghi and Sale found

that short-term monocular adaptation, over a period of

just a few hours, induced a shift in ocular dominance

measured using a binocular rivalry task.28 Interestingly,

the shift was reliably modulated by introducing moderate

levels of physical activity. Subjects were asked to cycle

intermittently (for periods of about 10 min), while keep-

ing their heart rate at around 120 beats per minute. Then

they measured the extent to which the deprived eye

dominated during rivalrous perception after patch

removal. It was found that exercise, as compared to pas-

sively watching a movie, substantially altered the homeo-

static response, boosting the magnitude of the ocular

dominance shift in favour of the previously deprived eye.

They speculated that the enhanced ocular dominance

shift brought about by exercise was likely mediated by

changes in the excitation/inhibition balance in the pri-

mary visual cortex.28 It has previously been proposed

that perceptual learning alongside other interventions

such as dark-exposure,25-27 environmental enrichment23,24

and transcranial electrical or magnetic stimulation15-21

exert their influence on visual plasticity by altering the

excitation/inhibition imbalance in the visual cortex2. If

true, then we might expect to see some interaction

between perceptual learning and physical activity in line

with that observed by Lunghi & Sale28. However, there

are key differences between the studies. First, Lunghi &

Sale measured the subjective perceptual experience of

their subjects using the rivalrous interaction between

eyes. Our measures, in contrast, were monocular. Second,

we used a different period of physical exercise: 30-min

versus 10-min of intermittent cycling. Other studies have

attempted to replicate the findings of Lunghi & Sale

using different binocular tasks, where the input from the

eyes must be combined71 and using similar exercise

regimes72. Unfortunately, the effects have not generalised

to these conditions, suggesting that they may be quite

specific to situations where the visual input to the two

eyes is discrepant.

Other studies, which have looked at the effects of exercise

on both the magnitude and transfer of perceptual learning,

have produced contradictory results. Perini et al.49 investi-

gated the effect of a single bout of aerobic exercise on both

perceptual and motor learning. They found that physical

activity of moderate intensity was sufficient to facilitate

learning in both sensory and motor domains. This

improvement was attributed to a process of synaptic

strengthening, promoting what they refer to as ‘associative

plasticity’. Our own data from session 2 - where only a sin-

gle exercise session has taken place - is inconsistent with

this. Rather than observing greater improvement with

physical activity, at this time point the gains are more mod-

est in the active relative to inactive group. Further, by the

end of training we found no difference between the two

groups. The training effects found in session 7 are more

consistent with the recent study conducted by Connell

et al.50 Although their training period was shorter and the

training task used was based on discriminating the direc-

tion of motion, they reported no enhancement in either the

rate or magnitude of learning when coupled with exercise50.

In fact, when the exercise preceded the measurement of dis-

crimination thresholds, they reported that the learning falls

to about half that produced by either no exercise, or exer-

cise delivered after the behavioural assessments. Over the

full duration of training, and using groups balanced for a

number of potentially confounding factors, we found that

the rate and magnitude of learning was identical, irrespec-

tive of undertaking physical activity. Here, we have not

tested explicitly whether the order of exercise versus train-

ing makes any difference to the outcome. In terms of the

transfer of learning to untrained configurations, our results

are in broad agreement with Connell et al.50 Training

effects generalise to new orientations, albeit to a lesser

degree. The fact that transfer is not complete suggests that

changes in oculomotor control mechanisms (e.g. improved

fixation or accommodation) do not account for the learn-

ing effects observed across the training sessions. But, as

with the trained condition, the learning effect is not moder-

ated by the subject undertaking exercise.

We find that the mechanisms which underpin the pro-

nounced plasticity associated with perceptual learning are

not modulated further by periods of visual stimulation or

physical activity across the course of learning. This state-

ment relates to a situation where essentially normal visual

function is further refined by training, and may not apply

to circumstances where cortical dysfunction limits visual

performance. It could also be the case that combined effects

are more pronounced at particular points in development,

and are thus age-dependant in their expression. Clearly,
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more work is needed to clarify what environmental factors

affect brain plasticity, when they act, and how different

manipulations might be combined to produce new settings

that reveal synergistic effects.
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