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McDonnell MN, Buckley JD, Opie GM, Ridding MC,
Semmler JG. A single bout of aerobic exercise promotes motor
cortical neuroplasticity. J Appl Physiol 114: 1174-1182, 2013;
doi:10.1152/japplphysiol.01378.2012.—Regular physical activity is
associated with enhanced plasticity in the motor cortex, but the effect
of a single session of aerobic exercise on neuroplasticity is unknown.
The aim of this study was to compare corticospinal excitability and
plasticity in the upper limb cortical representation following a single
session of lower limb cycling at either low or moderate intensity, or
a control condition. We recruited 25 healthy adults to take part in three
experimental sessions. Cortical excitability was examined using trans-
cranial magnetic stimulation to elicit motor-evoked potentials in the
right first dorsal interosseus muscle. Levels of serum brain-derived
neurotrophic factor and cortisol were assessed throughout the exper-
iments. Following baseline testing, participants cycled on a stationary
bike at a workload equivalent to 57% (low intensity, 30 min) or 77%
age-predicted maximal heart rate (moderate intensity, 15 min), or a
seated control condition. Neuroplasticity within the primary motor
cortex was then examined using a continuous theta burst stimulation
(cTBS) paradigm. We found that exercise did not alter cortical
excitability. Following cTBS, there was a transient inhibition of first
dorsal interosseus motor-evoked potentials during control and low-
intensity conditions, but this was only significantly different following
the low-intensity state. Moderate-intensity exercise alone increased
serum cortisol levels, but brain-derived neurotrophic factor levels did
not increase across any condition. In summary, low-intensity cycling
promoted the neuroplastic response to cTBS within the motor cortex
of healthy adults. These findings suggest that light exercise has the
potential to enhance the effectiveness of motor learning or recovery
following brain damage.

neuroplasticity; exercise; transcranial magnetic stimulation

THERE IS INCREASING EVIDENCE that exercise exerts a wide range
of positive effects on plasticity and neuroprotection within the
nervous system (60). Experiments in humans have demon-
strated that regular exercise leads to improved learning (56),
enhanced cognitive flexibility (37), enhanced motor cortex
plasticity (10), as well as preserving cognitive function and
reducing the risk of dementia (20, 46). Furthermore, exercise is
particularly effective at improving several cognitive domains
in older adults (1, 11). Animal studies confirm that aerobic
exercise has a neuroprotective effect and activates growth
hormones that increase the survival of neural stem cells (4) and
increases the blood flow to the dentate gyrus, supporting
neurogenesis in the hippocampus (44). The potential for exer-
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cise to promote recovery following brain damage is as yet
unexplored, but preliminary work concerning Parkinson’s dis-
ease is promising (27).

The mechanisms whereby aerobic exercise can act on mul-
tiple systems of the brain are not completely understood and
are likely to involve several mechanisms. One neurotrophic
factor that has an important role in the health, survival, and
function of neurons is brain-derived neurotrophic factor
(BDNF) (3). Interestingly, exercise has been shown to influ-
ence BDNF levels. For example, several days of running-wheel
exercise in rats led to increased levels of BDNF in the hip-
pocampus, spinal cord, cerebellum, and cortex (12), and in-
creased levels of BDNF may partially explain the neurogenesis
seen in the hippocampus of exercising mice (36). Individuals
who regularly take part in large amounts of vigorous physical
activity have a greater neuroplastic response to noninvasive
brain stimulation techniques than sedentary individuals, sug-
gesting that, over the long term, aerobic exercise may promote
increased neural density and survival in the human cortex (10).

A pivotal question is whether these changes, which may
result in enhanced neuroplasticity, will occur after a single
session of exercise. It has been demonstrated that a single
session of cycling has positive behavioral effects on learning
(56), as well as on concentration and cognitive function (51).
Similarly, 30 min of aerobic exercise improved executive
function in depressed patients (34) and improved response time
and accuracy in a working memory task (47). It is likely that
BDNF has a critical role in mediating exercise-induced
changes in learning via its effects on long-term potentiation
(22). Activity-dependent secretion of BDNF can, however, be
reduced by the presence of the common single nucleotide
polymorphism, Val®®Met (19), which also reduces some forms
of brain plasticity (9, 19, 32). It is worth noting that moderately
vigorous exercise also results in increased cortisol production
(48), and both acute (50) and chronically elevated cortisol
levels are associated with impairments in neuronal plasticity,
largely evident through memory deficits (7, 31).

We hypothesized that a single session of aerobic exercise
would promote neuroplasticity in the motor cortex of healthy,
moderately active adults. Exercise has the potential to act
globally within the brain, not just in the specific circuits
controlling exercising muscles, due to the ability to trigger
critical molecular and cellular processes that support brain
plasticity (33). We, therefore, tested neuroplasticity mecha-
nisms in a small hand muscle after a single bout of lower limb
cycling. We assessed excitability and plasticity within the
primary motor cortex of healthy adults using two forms of
transcranial magnetic stimulation (TMS), a noninvasive brain
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stimulation technique that can probe changes in effectiveness
of synaptic connections in the brain, revealing short-term
plasticity (17). The patterned stimulation involved repetitive
TMS, specifically continuous theta-burst stimulation (cTBS),
which results in a suppression of cortical excitability through
mechanisms believed to be similar to long-term depression
(LTD) (29). The TMS was performed before and after exercise,
compared with a sedentary condition, to determine whether
exercise can promote neuroplasticity. Two exercise intensities
were investigated: moderate-intensity exercise, which may be
more likely to increase both BDNF (33) and cortisol, or
low-intensity exercise, which may not increase BDNF levels,
but is unlikely to raise cortisol levels (48). We also measured
circulating levels of BDNF and cortisol before and after exer-
cise, as they may influence the plasticity response (50).

METHODS
Participants

Healthy adults, aged 18—60 yr, were invited to participate in the
study using recruitment flyers. The upper limit of 60 yr was chosen
due to recent evidence that the human motor cortex shows age-related
reduction in neuroplastic capacity over this age, compared with young
and middle-aged subjects (21). Participants were screened for their
suitability to undertake exercise using the Sports Medicine Australia
preexercise screening system (52), and the International Physical
Activity Questionnaire (14) short-form was used to calculate meta-
bolic equivalents (METs) over the past 7 days. Participants who
accumulated more than 3,000 MET-minutes per week were excluded
from the study, as they met the criteria for “high” levels of physical
activity. Other exclusion criteria included history of neurological
disease or epilepsy, metallic implants in the head, and conditions such
as hypertension or other cardiovascular disease that would preclude
participating in exercise. Using a crossover design, all participants
were randomly allocated to participate in each of the three conditions,
with sessions separated by at least 1 wk (see Fig. 1 for time line of
experiments). All experiments were conducted in accordance with the
standards established by the Declaration of Helsinki and were ap-
proved by the relevant local Human Research Ethics Committees.

Baseline Assessment

Participants attended a familiarization session and screening for
eligibility, where they provided informed consent. After completing
the screening questionnaires, participants were asked to provide a
sample of buccal cells using a cheek swab (Isohelix, Cell Project

Timeline of experiments

EX-Low
or
EX-Mod cTBS
or
Rest
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Fig. 1. Time line of experiments, indicating when bloods (B) were taken [pre-
(Bpre) and postexercise (Bpos)), and at 5 (Bs) and 10 min (Bio) following
cessation of exercise] and measures of cortical excitability (T) [pre- (Tpr) and
postexercise (Tpos) and at O (To), 15 (Tis), and 30 min (Tzo) following
continuous theta burst stimulation (¢TBS)]. EX-Low, low-intensity exercise;
EX-Mod, moderate-intensity exercise.
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Harrietsham, Kent, UK) to enable analysis of the common Val®*Met
BDNF polymorphism. Genotyping was carried out with known pos-
itive controls from the buccal cell samples. The rs6265 single nucle-
otide polymorphism was genotyped using a commercially available
Taqman genotyping kit (41). The assay was performed according to
manufacturer’s instructions.

Participants underwent a submaximal cycle exercise test, which
required them to pedal a cycle ergometer (Ergomedic 828E, Monark
Exercise AB, Stockholm, Sweden) at a constant rate (50 rpm) at three
different workloads designed to increase heart rate to ~55, 65, and
75% of age-predicted maximal heart rate (220 — age) (23). The
cadence of 50 rpm was chosen, as this is commonly used for
submaximal exercise testing (2). Heart rates were recorded at the end
of each minute, and the steady-state heart rate for each workload was
used to extrapolate the workload required to take participants up to
their age-predicted maximal heart rate. The regression equation was
then used to accurately estimate the workloads required to achieve
75% of age-predicted maximal heart rate for the intervention. This
workload was used for the “moderate”-intensity condition, and the
workload was halved, and the exercise duration was doubled for the
“low”-intensity condition to ensure that both exercise conditions were
matched in terms of the work completed.

Intervention

The experimental sessions involved exercising at one of three
intensities: low intensity for 30 min, moderate intensity for 15 min,
and a rest condition where participants remained seated for 30 min.
Participants cycled at the same cadence as the submaximal exercise
testing, 50 rpm, which may be more suitable for the elderly or those
with neurological conditions. During each exercise session, heart rate
and Borg’s 6-20 ratings of perceived exertion scale were recorded
every 5 min.

™S

Single-pulse TMS was used to measure changes in corticospinal
excitability in each of the three experimental sessions. Fifteen TMS
pulses were applied over the optimal scalp site for evoking responses
[motor-evoked potentials (MEPs)] in the right first dorsal interosseus
muscle. A figure-of-eight coil was used with the handle oriented
posteriorly and at 45° to the midsagittal line, ensuring optimal acti-
vation of cortico-motoneuronal cells. Resting motor threshold was
defined as the minimum stimulus intensity required to produce a MEP
of at least 50 WV in the relaxed first dorsal interosseus (FDI) in at least
5 of 10 trials (49). Active motor threshold was defined as the
minimum stimulus intensity required to produce a MEP of at least 200
1V during a low-level isometric contraction of the FDI (20% of the
maximal voluntary contraction) in at least 5 of 10 trials. Postexercise,
c¢TBS was delivered according to established protocols (17, 18, 29). In
short, low-intensity stimuli (80% active motor threshold) were deliv-
ered in a basic pattern of short bursts (3 stimuli) of moderate-
frequency (50 Hz) stimuli applied every 200 ms. Continuous appli-
cation of this pattern for 40 s induces a lasting decrease in motor
cortical excitability, thought to be due to a LTD-like effect on cortical
synapses (29). This paradigm was chosen due to its ability to produce
a robust, significant change in cortical excitability (17) by decreasing
the excitability of cortical circuits, which generate I waves, in partic-
ular I1 (18). Theta burst stimulation was delivered as soon as practi-
cable after the exercise or rest condition on each occasion. Using
supramaximal ulnar nerve stimulation, maximal M waves (n = 5)
were recorded in the FDI muscle immediately after MEPs were
recorded (Fig. 1). The optimal site to stimulate the ulnar nerve was
first located using a bar electrode and then adhesive electrodes, which
were secured with tape at this site. The stimulating current was
increased until the M wave was maximal, and the intensity was then
increased by 20% and maintained at this level for the remainder of the
experiment.
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Table 1. Baseline characteristics by genotype

Genotype

Val/Val Met allele
n 10 15
Age, yr 27879 26.1 £ 8.4
Sex (F/M) 6/4 10/5
Physical activity (IPAQ), MET-min/wk 1,867 £ 783 1,393 £ 1,030
Handedness (EHI score, 0—100) 90 £ 11.7 89.0 = 19.1
RMT, %MSO 42.6 £ 6.7 419 £9.7
1-mV TMS intensity, %MSO 51.3 £ 8.0 505+ 114
AMT, %MSO 52077 543 + 129

Values are means *= SD; n, no. of subjects. F, female; M, male; IPAQ,
International Physical Activity Questionnaire; MET, metabolic equivalents;
EHI, Edinburgh Handedness Inventory; RMT, resting motor threshold; MSO,
maximum stimulator output; TMS, transcranial magnetic stimulation; AMT,
active motor threshold.

Blood Sampling and Analysis

On each occasion, venous blood samples were taken from the
antecubital vein via an indwelling catheter. Blood samples were taken
before and immediately after exercise and at 5 and 10 min following
cessation of exercise. Following collection of each sample, the cath-
eter was flushed with sterile saline to prevent clot formation. This
saline was later drawn off and discarded before obtaining the next
sample. Samples were collected in a coagulant-free 10-ml serum tube
(Vacuette, Greiner bio-one,) and stored on ice until the end of the
experiment. Serum was then separated by centrifuging the blood at
1,800 g (Universal 32R, Hettich Zentrifugen) for 10 min at 4°C and
stored at —80°C until analysis.

Serum BDNF and cortisol concentrations were analyzed using
commercially available enzyme-linked immunosorbent assay Kits,
Chemicon (Temecula, CA) and Alpco Diagnostics (Salem, NH),
respectively, according to the manufacturer’s instructions. To mini-
mize the assay variance, serum levels were analyzed in duplicate in a
single session by a technician blinded to the nature of the exercise
conditions. BDNF content was quantified against a standard curve
calibrated with known amounts of BDNF, and samples were diluted
1:50-1:200 before assaying. The detection limit for BDNF was 0.4
pg/dl, and intra- and interassay coefficients of variation were 3.7 and
8.5%, respectively. The detection limit for cortisol was 7.9 pg/ml, and
intra- and interassay coefficients of variation were 2—10% and 3-9%,
respectively.

Data Analysis

The peak-to-peak amplitude of MEPs and M waves was measured
in each trial. Trials in which electromyographic activity preceded
MEPs were excluded from analysis. The average MEP and M-wave
amplitude from each time point were calculated for each participant.
Data analysis was conducted using SPSS Statistics (version 18.0;
SPSS, Chicago, IL). Data that were skewed were transformed appro-
priately, if required before analysis. Linear mixed-model ANOVA
with repeated measures were used to investigate the effects of exercise
condition on MEP and M-wave amplitudes across time points. This
was performed separately for the effect of exercise, with factors
condition (low-, moderate-intensity, or control conditions) and time
(before or after exercise). A second ANOVA was used to investigate
the effect of ¢cTBS on MEP and M-wave amplitude with factors
condition (low-, moderate-intensity, or control) and time (before, after
and 15 and 30 min post-cTBS). Condition and time were treated as
fixed effects, and each subject was considered as a random effect.
Additional ANOVA were repeated for mean values of BDNF and
cortisol with four time periods: before and after exercise, and 5 and 10
min after exercise. Post hoc analyses were conducted using Fisher’s
least significant difference test to analyze significant main effects and
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interactions where necessary. The significance level was set at P <
0.05 for all comparisons, and data are shown as means = SE.

RESULTS

Baseline characteristics of participants are shown in Table 1.
Groups were well matched at baseline for all demographics,
and there were no significant differences between all baseline
measures (independent samples #-test, all P > 0.05). TMS
characteristics at baseline are the average for all three experi-
mental conditions.

Effect of Exercise

Cycling at a moderate-intensity resulted in a mean * SD
heart rate of 149 = 13 beats/min, which equates to 76 = 16%
of each individual’s age-predicted maximal heart rate. Partic-
ipants reported this exercise intensity as 15 * 1 on the Borg
ratings of perceived exertion 6-20 scale, indicating a “hard”
level of exertion. In contrast, the low-intensity exercise condi-
tion resulted in a mean heart rate of 110 %= 10 beats/min or
58 * 5% of age-predicted maximal heart rate. Participants
reported this level of intensity to be 11 = 2, or “light” exertion.

M waves. Analysis of M-wave amplitude before and after
each intervention revealed a significant effect of time (F; 114 =
10.9; P = 0.001) and condition (F2 114 = 7.4; P = 0.001), but
no time X condition interaction (F» 114 = 2.3; P = 0.109). M
waves were significantly smaller after exercise (average M-
wave amplitude for all conditions across time: pre = 20.0 =
0.9 mV vs. post = 18.3 = 0.9 mV), and in the two exercise
conditions (average M-wave amplitude across time points for
each condition: moderate = 18.1 = 0.9 mV; low = 18.8 = 0.9
mV) compared with the control condition (20.4 = 0.9 mV).
Pairwise comparisons revealed that M-wave amplitude did not
differ following the control condition (P = 0.747), whereas it
decreased significantly in both exercise conditions (P < 0.05),
as seen in Fig. 2.

MEPs. Due to the significant change in M-wave amplitude
before and after exercise, MEP amplitude was normalized to
M-wave amplitude for the remainder of the analyses. Data
were skewed right, so analyses were performed on the square-
root-transformed data. There was no main effect for time
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Fig. 2. Mean = SE M-wave amplitude before (Pre) and after exercise (Post Ex)
for the moderate-intensity, low-intensity, and control conditions. There were
significant differences between the groups at baseline, and all M waves
decreased over time (*P < 0.05).
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(F1.100 = 0.1; P = 0.75), condition (F99 = 21.5; P = 0.22),
or a time X condition interaction (F299 = 0.01;= 0.99) when
comparing MEPs recorded before and immediately following
exercise or the control period (data not shown).

Effect of cTBS and Exercise

M waves. Amplitudes of M waves for the three conditions
were compared at four time points: pre- and post-cTBS, and 15
and 30 min post-cTBS. It is important to note that the pre-
c¢TBS measure is the same as the postexercise time point
described above, as shown in Fig. 1, thus accounting for the
smaller amplitude of M waves in the exercise conditions
compared with the control conditions. The data were normally
distributed, and analysis revealed main effects for condition
(F2.228 = 15.6; P < 0.001) and time (F3229 = 3.4; P = 0.02),
but no condition X time interaction (Fg 28 = 1.3; P = 0.252).
M waves gradually increased in size over time, with post hoc
analysis showing that the M waves at 30 min were significantly
larger than those at preexercise (P = 0.005). Furthermore, M
waves were significantly smaller in the moderate-intensity
condition compared with the control and low-exercise condi-
tions (P < 0.001 for both comparisons) (Fig. 3).

MEPs. Data were again normalized to M-wave amplitude,
and square-root transformation was performed. Some observa-
tions were missing due to technical difficulties with M-wave
recordings, and these were assumed in the mixed model to be
missing at random. Figure 4 shows raw MEP amplitude data
from a representative participant. This figure demonstrates the
differences between conditions, with exercise increasing MEP
amplitude following exercise, but not control, conditions, and
c¢TBS inhibiting MEP amplitude in the low-intensity and con-
trol conditions only.

For all participants, normalized MEP amplitudes were dif-
ferent between conditions (F» 159 = 34.5; P = 0.01). Both the
moderate-intensity (mean response * SE: 2.14 = 0.11, P =
0.01) and low-intensity (2.14 = 0.10, P = 0.006) MEP re-
sponses across all time points were significantly larger than the
control condition (1.86 = 0.11), as shown in Fig. 5.

MEP amplitudes did not show a significant change over the
four time points across the three groups (F3,172 = 1.8; P =
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Fig. 3. Mean = SE M-wave amplitude before (Pre), after (Post), and at 15
(15m Post) and 30 min following cTBS (30m Post). There were significant
differences between the groups and over time (*P < 0.05) as M waves
gradually increased in both moderate-intensity and low-intensity exercise
conditions.
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0.14). Post hoc pairwise comparisons were performed to in-
vestigate our a priori hypothesis that MEP amplitudes would
decrease in all groups immediately post-cTBS and to determine
whether there were any differences between the groups. The
decrease in MEP amplitude observed immediately after cTBS
was only statistically significant for the low-intensity exercise
condition (P = 0.02), which can be seen in Fig. 5.

Genotyping for the BDNF polymorphism was performed in
all participants, who were then classified as Val/Val (n = 10)
or having the Met allele (i.e., Val/Met or Met/Met, n = 15).
We repeated the mixed-model analysis on normalized MEP
following ¢TBS, including the factors BDNF' genotype, time,
and condition, which did not reveal a main effect of genotype
(P = 0.17), nor any genotype X time, genotype X condition,
or genotype X condition X time interactions (all P > 0.70).

Blood results. Cortisol levels were normally distributed, and
mixed-model analysis of variance revealed main effects for
time (F3?239 = 470, P = 0003) and condition (F2,239 = 2471,
P < 0.001). Cortisol levels decreased over the course of the
experiment for low-intensity (F3230 = 3.84; P = 0.01) and
control conditions (F3230 = 3.94; P = 0.009), as shown in
Fig. 6A, but pairwise comparisons revealed that cortisol levels
in the moderate-intensity condition did not decrease over time
(F3.239 = 0.646; P = 0.59). This time X condition interaction
was, however, not significant (Fg239 = 1.86; P = 0.09).

Serum levels of BDNF required square-root transformation
to achieve a normal distribution. Subsequent analysis revealed
a decline in BDNF levels for all conditions over time, evident
as a main effect for time (Fs243 = 43.80; P < 0.001). There
were no differences between conditions (F243 = 2.06; P =
0.13) and no time X condition interaction (F¢243 = 0.81; P =
0.57) (see Fig. 6). We repeated the analysis of serum BDNF
levels with the factor group (Val or Met). This revealed a main
effect for group for each of the three experimental conditions
(P < 0.001) due to significantly lower baseline values of
BDNF in serum for the Met group (e.g., control condition
baseline serum BDNF was 45,615 * 11,142 pg/ml for Val
group and 16,454 = 3,525 pg/ml for the Met group). Serum
BDNF levels decreased over time in all conditions, regardless
of genotype (Fig. 6B).

DISCUSSION

The results of the present study support the hypothesis that
low-intensity aerobic exercise can promote neuroplasticity
within the motor cortex of healthy adults. The stimulation
paradigm chosen for this study, cTBS, is believed to be
analogous to LTD of synaptic connections in animal studies (5)
as it satisfies the requirement for activation of N-methyl-p-
aspartate receptors (28), input specificity, and duration (>60
min) (29). This suggests that exercising at a low intensity, for
a duration of 30 min, is able to modulate motor cortical
plasticity.

The magnitude of MEP reduction immediately after cTBS
was 8% of the baseline MEP normalized to M wave for the
control condition, 18% in the low-intensity condition, while the
moderate-intensity condition increased by 1%. We interpret
this reduction in MEP amplitude as a decrease in cortical
excitability, rather than spinal excitability, because the cTBS
paradigm delivers subthreshold stimuli, which do not activate
spinal motoneurons (29). This decrease in excitability is less
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Fig. 4. Raw motor-evoked potential (MEP) data from a representative participant (genotype Val/Val) obtained before and after low- and moderate-intensity
exercise, and in a no-exercise control condition. Exercise resulted in a 49% increase in MEP amplitude in the low-intensity condition, 35% increase following
the moderate-intensity, and 16% decrease in the control condition. However, M waves decreased in amplitude in the high-intensity condition in particular, so
the normalized results were 51% increase in normalized MEP amplitude for the low-intensity condition, 26% increase in moderate intensity, and 16% decrease
in the control condition. Following cTBS, the change in raw MEP amplitude for each condition (low intensity 47% inhibition, moderate intensity 3% facilitation,
control 28% inhibition) was similar to the normalized values (low 47% inhibition, moderate intensity 1% inhibition, control 31% inhibition). Blood results for
this participant followed the general trend with decreased cortisol and brain-derived neurotrophic factor (BDNF) levels over time for all experimental conditions,
except for a transient increase in BDNF levels immediately postexercise in the moderate-intensity condition (57,800 to 73,900 pg/ml), which returned to baseline
within 5 min of completing the exercise. TMS, transcranial magnetic stimulation; TBS, theta burst stimulation.

than originally reported using a similar cTBS paradigm (29),
and the effect was relatively short-lasting, with the maximal
inhibition noted immediately after cTBS, and responses return-
ing to baseline at 15 min post-cTBS. Evidence is emerging that
responses to both cTBS and intermittent TBS are highly
variable between individuals and may be related to intraindi-
vidual differences in the recruitment of interneuronal networks
(17, 24, 58).

We hypothesized that, to facilitate plasticity induction, the
exercise needed to be sufficiently intense to increase BDNF
(55, 56) and yet not so high as to increase cortisol levels, which
are likely to interfere with both BDNF expression (39) and
plasticity induction (50). We observed that, when preceded by
a period of exercise at ~55% of the maximal heart rate (at a
“light” to “somewhat hard” exercise intensity), cTBS resulted
in an immediate, but transient, suppression of MEP amplitudes
that was not observed in the other two experimental conditions.
We had hypothesized that increased circulating levels of
BDNF may be associated with increasing exercise intensity
and play a role in facilitating neuroplastic processes. However,

in contrast to our original hypothesis, serum levels of BDNF
decreased significantly across time for all three conditions.
Most studies investigating the effect of acute exercise on
circulating concentrations of BDNF report a dose-response
relationship, with higher intensity exercise resulting in greater
increases in BDNF concentrations (33). However, only 44% of
studies of low- to moderate-intensity exercise demonstrate
increased BDNF concentrations (33). We had expected that the
moderate-intensity condition, at 75% of age-predicted maximal
heart rate, would have been sufficient to increase BDNF levels,
but other studies reporting increases in BDNF tended to per-
form a graded exercise test until exhaustion (33), which may be
required to induce a significant increase in BDNF concentra-
tions.

The decrease in BDNF concentrations over time, while
unexpected, may in fact be related to changes in cortisol. The
baseline blood sample was collected shortly after insertion of a
cannula, which remained in the antecubital vein for the remain-
der of the experiment. This allowed for painless and quick
sampling of blood immediately after the exercise, but the
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Fig. 5. Change in normalized MEP amplitudes over time, following square root
transformation. MEP amplitudes decreased following cTBS for both the
control and low-intensity conditions, but only the low-intensity condition
changed significantly. The control condition MEP amplitudes were smaller
than the exercise conditions at baseline (*P < 0.05). Values are means *= SE.

baseline sample was collected almost immediately after the
cannula had been inserted and secured in place. Baseline
cortisol levels are likely to have been elevated at the com-
mencement of the experiment due to the venepuncture (38),
and subsequent cortisol levels decreased significantly over time
in the rest and low-intensity conditions. It is unlikely that the
stress response associated with venepuncture would have a
direct impact on baseline circulating levels of BDNF, but it has
been demonstrated in animal studies that corticosterone admin-
istration interferes with BDNF mRNA expression (25). There-
fore, the anticipated exercise-induced increases in BDNF may
have been suppressed by the high cortisol levels at baseline.

While there was no difference in the serum BDNF response
between treatments, there was a clear differential in the cortisol
response between exercise conditions. In the control condition,
there was a significant reduction in serum cortisol levels
immediately postexercise, most likely reflecting a return to
baseline levels after the stress associated with the venepunc-
ture. This trend for a reduction in cortisol was also observed in
the low-intensity condition, and for both of these conditions
there was a continued decrease over the course of the experi-
ment. In contrast, the moderate-intensity condition demon-
strated a 10% increase in cortisol levels immediately postex-
ercise, with a further increase 5 min later, and a subsequent
decrease 10 min postexercise. We suggest that this elevation in
circulating cortisol may have inhibited the neuroplastic re-
sponse to cTBS observed in the moderate-intensity condition,
as previously reported with a similar plasticity-inducing non-
invasive brain stimulation technique (50).

Our finding that the presence of the Val®*Met polymorphism
on the BDNF gene did not influence the neuroplastic response
to cTBS is consistent with some recent work in this area. Kleim
and colleagues (32) were the first to note that those with the
Val®*Met polymorphism had reduced training-dependent plas-
ticity, which was further supported by Cheeran and colleagues
(8), who confirmed reduced long-term potentiation-like plas-
ticity in those with the Met allele. However, and in contrast to
these results, it has recently been shown that carriers of the Met
allele responded no differently when tested with a quadripulse
TMS plasticity-inducing paradigm (40). In addition, a recent
study examined the influence of BDNF polymorphisms on the
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response to three different experimental protocols, involving
repetitive TMS and motor practice. This work demonstrated
that carriers of the Met allele did not respond differently to
Val®®Val carriers (35). This could be due to specific interac-
tions of the BDNF genotype with other single nucleotide
polymorphisms that influence cortical plasticity (e.g., Ref. 57).
We did, however, find that those with the Met allele had
significantly lower serum BDNF levels at baseline, which has
been previously reported (43).

We note that the control condition had significantly smaller
MEPs at baseline across all participants. Given that the session
orders were randomized and experimental procedures were
identical for each session, we are unable to account for this
observation other than by intersession variations in electrode
placement. However, it is possible that the knowledge given to
participants at the start of the experiment that they would not
have to undertake exercise on this occasion may have contrib-
uted to this effect.
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Fig. 6. Cortisol (A) and BDNF (B) levels over the time course of the
experiments with moderate-intensity condition shown with solid circles, low
intensity with open circles, and the control condition as solid triangles. There
were significant differences for cortisol over time and between conditions, and
for BDNF over time (*P < 0.05). Values are means * SE.
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Responses to single-pulse TMS were recorded throughout
the experiment to examine corticospinal excitability. Previous
studies have reported that repetitive, nonskilled exercise results
in significant depression of excitability in the corticospinal
projection to muscles involved in the task, without any changes
in M-wave amplitude (59). In addition, lower limb fatiguing
exercise can influence cortical excitability and cortical inhibi-
tion for the nonexercised upper limb, with the exercise initially
facilitating and then depressing cortical excitability for both
hand and arm muscles for up to 20 min (54). It is unlikely that
there was significant fatigue in either of the exercise condi-
tions, and, consistent with this, we found no change in FDI
MEPs following exercise.

In contrast, exercise reduced the amplitude of M waves in
FDI, most dramatically in the moderate-intensity condition,
with a mean decrease of 14% compared with 8% after low-
intensity exercise, and the control condition remaining essen-
tially unchanged. Repeated measurement of M waves alone
can be associated with reduced amplitude over the course of an
experiment (15). However, this is unlikely to be a factor here,
as the M waves did not change in the control condition. The
reason for the reduction in the exercise conditions is not clear,
but changes in body temperature may play a role. Direct
warming of the lower limbs has been shown to decrease
maximal M-wave amplitude by 12% (16), a finding confirmed
with warming of the upper limbs (6). Exercising in a hot
environment to increase body temperature can also lead to
reduced ability to generate force in the upper limb, as shown by
reduced maximal voluntary contractions when performing a
handgrip task after exercising on a cycle ergometer (42).
Experiments in the present study were carried out in an
air-conditioned laboratory, and, although skin temperature was
not measured, participants were noted to sweat profusely
during the moderate-intensity condition in particular. The grad-
ual return of M-wave amplitudes toward baseline over the
remaining 30 min of the study would be consistent with a
decrease of body temperature back to normal levels following
exercise.

A limitation of the present study is that we did not have
additional experimental conditions where participants under-
went exercise but not ¢TBS. Therefore, we cannot rule out
delayed changes in cortical excitability that were not evident
immediately after exercise. Our initial hypothesis was that, for
exercise to have a role in priming the brain, changes in the
cortical environment that might facilitate plasticity would be
required (e.g., neurotrophic factors). The primary outcome of
interest, LTD-like neuroplastic change was not, however, as-
sociated with an increase in serum BDNF levels. This has been
reported previously (33, 56), but we acknowledge that mea-
suring peripheral BDNF is perhaps an inadequate marker of
cortical BDNF. It is likely that other mechanisms are involved
in the low-intensity exercise facilitation of short-term plasticity
reported in this study. For example, upregulation of other
neurochemicals following exercise, such as insulin-like growth
factor I and vascular endothelial growth factor, known to
modulate neuroplasticity and learning (13) and angiogenesis
(26), respectively, may be important. Exercise also has a
crucial role in reducing proinflammatory conditions (45),
which impair growth factor signaling (13). Increased flow
velocity through the cerebral blood vessels also occurs during
exercise (30), delivering required nutrients to the active brain
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and possibly overcoming any deficiency that might be present
before exercise.

In conclusion, low-intensity cycling, but not rest or moder-
ate-intensity exercise, promoted cTBS-induced neuroplasticity
within the motor cortex of healthy adults. Aerobic exercise has
the potential to prime the motor cortex to enhance the effec-
tiveness of motor learning or recovery following brain dam-
age. This may have clinical implications for neurological reha-
bilitation, for example following stroke, where exercise to
prime the motor cortex enhances motor function of the upper
limbs (53). Increasing physical activity is an important yet
often overlooked aspect of secondary prevention following
stroke, and these data suggest that low-intensity exercise,
which does not increase cortisol levels, may have a role in
improving brain health as well as cardiovascular health.
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