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be quantified from a venous blood draw. The aim of this study was to investigate
changes in motor cortex excitability and inhibition of the upper limb, and circulating
BDNF, following high-intensity interval training (HIIT) on a stationary bicycle. Nineteen
sedentary adults participated in a randomized crossover design study involving a single
bout of high-intensity interval cycling for 20 min or seated rest. Venous blood samples
were collected, and transcranial magnetic stimulation (TMS) was used to stimulate the
extensor carpi radialis (ECR), where motor evoked potentials (MEP) were recorded
pre- and post-condition. Following exercise, there was a significant increase (29.1%,
p<0.001) in corticospinal excitability measured at 120% of resting motor threshold
(RMT) and a reduction in short-interval cortical inhibition (SICI quantified as 86.2%
increase in the SICI ratio, p=0.002). There was a non-significant (p=0.125) 23.6%
increase in BDNF levels. Collectively, these results reflect a net reduction in gamma
aminobutyric acid (GABA)ergic synaptic transmission and increased glutamatergic
facilitation, resulting in increased corticospinal excitability. This study supports the
notion that acute high-intensity exercise provides a potent stimulus for inducing cortical
neuroplasticity, which may support enhanced motor learning.

Keywords: high-intensity interval training (HIIT), brain-derived neurotrophic factor (BDNF), transcranial magnetic
stimulation (TMS), neuroplasticity, extensor carpi radialis
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INTRODUCTION

Exercise offers many health benefits ranging from extending
the span of healthy living to reducing and delaying the onset
of several chronic conditions and diseases (Ruegsegger and
Booth, 2018). Transcranial magnetic stimulation (TMS)
studies have also demonstrated the effectiveness of exercise
for increasing cortical facilitation and reducing cortical
inhibition to non-exercised limbs, both of which are known
precursors to motor training-related neuroplasticity (Kida and
Mitsushima, 2018).

Brain-derived neurotropic factor (BDNF) is a molecule that
plays a large role in neuroplasticity due to its ability to promote
synaptic transmission between neighboring neurons (Miranda
et al, 2019). BDNF plays a vital role in regulating synapses,
where enhancing BDNF concentrations increases the formation
of dendritic spines, which facilitate new synaptic formations
between neurons (Lu et al., 2014; Yang et al., 2020). In addition
to BDNE other important neurotrophic factors for promoting
neuroplasticity include nerve growth factor (NGF), which plays
a role in the survival, growth, and differentiation of peripheral
and central neurons (Hall et al., 2018), glial cell line-derived
neurotrophic factor (GDNF), also known for its role in neuronal
survival in the central and peripheral nervous system and
promotes recovery of damaged axons at the neuromuscular
junction (Cortés et al., 2017). Vascular endothelial growth factor
(VEGF) promotes the growth of blood vasculature and can
therefore increase neurovascular coupling (Kou et al, 2019)
and finally, insulin-like growth factor 1 (IGF-1) promotes
anabolic growth in nearly all bodily tissues (Wrigley et al.,
2017). BDNF in particular is known to acutely enhance
glutamatergic and reduce gamma aminobutyric acid (GABA)
ergic synaptic transmission, thereby altering the excitation/
inhibition balance in the brain by increasing the concentration
of glutamate and reducing GABA concentrations (Gottmann
et al., 2009; Park and Poo, 2013).

Given that a negative relationship exists between levels of
BDNF and GABA in the brain (Miiller et al., 2020) and that
previous literature has demonstrated an acute reduction in
GABA correlates with improved motor learning (Stagg et al.,
2011), it is conceivable that exercise may be an effective method
to “prime” the nervous system by increasing levels of BDNF,
which cause a cascading effect on important precursors to
promote motor training-related neuroplasticity.

Previous research has shown that exercise can enhance
systemic BDNF levels in older adults (Inoue et al., 2020), in
resistance trained (Church et al., 2016), and sedentary individuals
(Nofuji et al., 2012). This effect has been documented in studies
that have investigated both high-intensity (Marquez et al., 2015;
Marinus et al,, 2019) and moderate intensity aerobic exercise
(Inoue et al., 2020), in addition to resistance training (Church
et al., 2016). High-intensity aerobic exercise is also known to
facilitate motor skill acquisition (Mang et al, 2014; Statton
et al, 2015) and retention (Roig et al, 2012), which may
be due to the acute increase in systemic levels of BDNFE. However,
post-exercise BDNF levels are known to differ between physically
active and sedentary individuals (Nofuji et al., 2012), where

those that are physically active have greater systemic increases,
which may explain differences in motor cortex plasticity with
motor learning between cohorts (Cirillo et al., 2009). Additionally,
physical activity levels have also been shown to alter the impact
of exercise on TMS measures of facilitation and inhibition
(Lulic et al., 2017). One study showed an acute bout of high-
intensity cycling resulted in increased excitability, reduced
inhibition, and improved motor performance in a ballistic
thumb task; however, the activity levels of participants were
not reported (Opie and Semmler, 2019). No increase in
corticospinal excitability was reported following either high or
moderate intensity exercise in low-fit individuals (El-Sayes et al.,
2020); however, inhibitory measures were significantly reduced
following both high (Stavrinos and Coxon, 2017) and moderate
intensity cycling protocols (Singh et al, 2014; Smith et al,
2014), where participants were either sedentary or of unknown
fitness status.

There are currently no studies that have investigated the
impact of high-intensity exercise on both BDNF concentrations
and TMS measures of cortical excitability and inhibition in
sedentary adults. Therefore, the purpose of this study was to
investigate changes in the concentration of blood BDNF, motor
cortex excitability, and inhibition of the upper limb following
high-intensity aerobic interval training performed on a stationary
bicycle in sedentary adults, with the goal of gaining valuable
insight into how exercise may be utilized in future research
for enhancing motor learning and/or rehabilitation. It was
hypothesized that following high-intensity interval training
(HIIT), intracortical inhibition would be reduced, concomitant
with an increase in circulating levels of BDNE In addition,
exploratory analyses were also carried out on other important
neurotrophic molecules for promoting preferential neuroplasticity
including NGE, GDNE, VEGE, and IGF-1.

MATERIALS AND METHODS

Participants

A total of 19 healthy participants (age 22.6 +3.0years, height
170.2+£10.5cm, and weight 67.4+19.1kg, 10 female) took
part in the study, which was a sub-component of a larger
project investigating combined exercise and transcranial direct
current stimulation (tDCS). Data presented here are from
control conditions where tDCS was not applied. The study
was conducted according to the Declaration of Helsinki.
Informed consent was obtained from all participants prior
to completing the study. To be eligible for inclusion, participants
were sedentary, as defined by participating in <150 min
physical activity per week for the 6 month period preceding
participation. The Exercise and Sports Science Australia (ESSA)
adult pre-exercise screening system was conducted, with
participants required to score <2 (low risk of exercise-induced
cardiovascular complication) in order to be eligible participate
in HIIT. The adult TMS safety screening questionnaire was
administered, participants with contraindications to brain
stimulation were excluded.
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Study Design

Participants attended the laboratory on two occasions separated
by a minimum 1-week washout period, in a randomized
crossover design. Due to the nature of the exercise intervention,
double blinding was not possible; however, single blinding of
the researcher delivering TMS and all analysis procedures was
utilized to reduce the potential for bias. All sessions were
conducted at the same time of day (same start time), based
on the participants preference and availability. All outcome
measures were assessed PRE (prior to beginning exercise) and
POST (20min following the cessation of HIIT). The duration
of a single session did not exceed 2h.

Exercise Intervention

Exercise involved 20min of HIIT on a stationary bicycle
(Marquez et al., 2015). Participants were fitted with a heart
rate (HR) monitor, and began with the first 2min interval
(warm up) by cycling at self-selected cadence, while the researcher
manipulated the ergometer resistance to achieve a HR of 120
beats per min (bpm). The target HR was then set to 80% of
the participant’s estimated maximum (220-age) to begin the
first 2min work period. Cycling speed was increased to 100
revolutions per minute (rpm), and the researcher increased
the resistance to achieve the desired HR. A total of 5x2min
work periods were completed, each separated by 2min active
recovery, where the participant returned to self-selected cadence
at zero resistance. The participants HR was monitored throughout,
and recorded at the end of every minute (work and rest), and
the participants self-rating of perceived exertion (RPE) was
recorded at the end of each 2min period using Borg’s 6-20
scale (Borg, 1998).

Surface Electromyography and
Transcranial Magnetic Stimulation
Surface electromyography (sEMG) of the right extensor carpi
radialis (ECR) was recorded using Ag-AgCl electrodes with
an inter-electrode distance of 20mm. The data were recorded
in LabChart 8 through a Powerlab 8/30 laboratory analog-
digital interface (ADinstrument, Australia). Bandpass filtering
was applied (13-1,000Hz), and sampling occurred at 2,000 Hz.
Prior to TMS delivery, the maximal compound wave (Mmax)
was elicited through stimulation of the radial nerve, using a
DS7AH constant current stimulator (Digitimer, Hertforshire,
United Kingdom).

All TMS was delivered with a 70mm figure-eight coil and
a BiStim2 system (Magstim, United Kingdom). The coil was
positioned tangential to the scalp with the handle pointing
backward at 45° lateral to the midline. To ensure consistent
placement of the coil, a cap marked with a 1cm matrix was
fitted in reference to the nasion-inion and inter-aural lines.
The optimal site for stimulation of the right ECR was determined
through exploration, marked on the cap, and recorded for the
subsequent session. Resting motor threshold (RMT) was obtained
when a minimum of 6 out of 10 motor evoked potentials
(MEP) reached a peak-to-peak amplitude of >50pV (Rossini
etal., 2015). Corticospinal excitability was assessed by delivering

15 single pulse stimuli at intensities of 120% RMT (RMT),)
and 140% RMT (RMT,,) and expressed as a percentage of
the maximal compound wave. A paired-pulse paradigm was
used to assess SICI, involving a sub-threshold conditioning
stimulus (80% RMT) and a supra-threshold test pulse (120%
RMT) delivered with an interstimulus interval (ISI) of 3 ms.
The mean amplitude of the resulting 15 paired-pulse MEPs
(MEPg,;) was then expressed as a percentage of the mean
MEP,,, using the following equation:

_ MEPgcy

SICI(%) = x100

EPi5

Importantly, an increase in the SICI,, indicates a reduction
in intracortical inhibition.

Blood Samples and Analysis

Venous whole blood samples were drawn from the median
cubital vein in a subgroup of 11 participants (age 22.4 £ 3.5 years,
six female), prior to the intervention and at 20 min post-exercise
(or following 20min rest). The samples were collected in a
4ml] EDTA vacutainer (BD, North Ryde, NSW) and immediately
centrifuged at 12,000g for 10min at 4°C. Plasma was then
frozen at —80°C for later analysis. The multiplex immunoassay
was performed by Crux Biolab (Melbourne, Australia). The
plasma samples were assayed with a custom-designed Quantibody
human-specific protein array (RayBiotech, United States) to
detect analyses (BDNE b-NGEF, GDNE IGF-I, and VEGF)
according to the manufacturer’s protocol.

The fluorescently labeled array was analyzed using a GenePix
4000b (Molecular Devices) scanner. Four replicate values were
extracted using the GenePix Pro Version 4.0 software, and
any outlier was removed and a mean value for each target
was provided. The data underwent an intra- and inter-slide
normalization process analyzed using the RayBiotech Custom
Q-Analyzer software to compare all data across all the arrays.
From this data, standard curves were drawn and the raw data
were interpolated to generate the amount of each target in
the concentration in pictograms per milliliter of each protein
in the samples.

Statistical Analysis

All data were screened for outliers by examination of studentized
residuals for values greater than +3, and Shapiro-Wilk’s test
of normality was applied to determine normal distribution of
all variables (all p>0.05). Three-way repeated measures ANOVA
was used to determine the effect of within-subject factors
condition (control and HIIT), time (PRE and POST), and
stimulation (RMT),, and RMT,,,) on corticospinal excitability,
while a two-way ANOVA (condition x time) was used for all
other dependent variables. Data are mean + SD, unless otherwise
stated. All statistical analyses were conducted in SPSS 24 (IBM,
United States), with significance set at p<0.05. Effect sizes
were interpreted using the partial eta squared (r,”) as small
(>0.02), medium (>0.13), or large (>0.26; Bakeman, 2005).
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RESULTS
Heart Rate and RPE

No adverse effects were reported during HIIT exercise. The
participants HR and RPE during the HIIT intervention are
presented in Table 1. Based on the mean participant age, target
HR during work periods was 155bpm. Responses to the Borg
RPE scale during 2min work bouts ranged from 12 (somewhat
hard) to 19 (extremely hard). Mean RPE during the first rest
period was 8.6%1.7, and during the last rest period was
10.3+1.6.

Transcranial Magnetic Stimulation

No adverse reactions to TMS were reported. There was no
significant condition x time interaction for stimulator output
[F(,15=0.035, p=0.855, n,°=0.002]. The mean stimulator
output (%) required to evoke RMT was 34.1+6.2 for the
control condition and 34.8+6.8 for the HIIT condition.
There was also no significant condition x time interaction
for Mp. [Fau5=0.272, p=0.610, n*=0.018]. The peak-to-
peak amplitude of the Mmax during the control
condition was 8.4+2.8mV (pre) and 8.4+2.8mV (post),
and 8.0+3.3mV (pre) and 7.8+3.1mV (post) for the
HIIT condition.

Cortical excitability, as measured by MEP,,, and MEP,,, is
shown in Figures 1A,B respectively. There was no significant
three-way condition x time x stimulation interaction [F,,s=0.228,
p=0.640, 1,°=0.015]. There was a significant two-way
condition x time interaction [F( 5 =11.625, p=0.004, 1, =0.437]
but no significant interaction for condition x stimulation
[F15=0.009, p=0.927, n,°=0.001] or timexstimulation
[F15=0.695, p=0.418, n,°=0.044]. A significant simple main
effect for stimulation was found [F,,5=28.774, p<0.001,
Ny’ =0.657]; thus, data were collapsed for stimulation (RMT)y
and RMT,,) and a Bonferroni correction applied for multiple
comparisons (alpha set at p<0.025). For MEP,,, a significant
condition x time interaction for MEP,,, [F,,5y=15.783, p<0.001,
n,°=0.513]. For the control condition, there was a 6.0% reduction
in MEP amplitude (from 8.3 +4.8% Mmax to 7.9+ 3.8% Mmax).
For the HIIT condition, there was a 29.1% increase in MEP
amplitude (from 8.1+4.5% Mmax to 10.4+4.9% Mmax). There
was no significant conditionxtime interaction for MEP,,,
[F15=4.300, p=0.056]; a medium effect size was noted
(1,°=0.223).

TABLE 1 | Heart rate (HR) and rating of perceived exertion (RPE) during work
periods of the high-intensity interval training (HIIT) cycling bout; bpm, beats per
minute.

HIT
HR (bpm) RPE
3-4min 141+13.5 12.8+1.7
7-8min 148.3+12.9 13.8+1.8
11-12min 152.5+11.0 14.3+1.4
15-16min 153.1+9.1 14.6+2.0
19-20min 156.1+9.1 15.1+1.7

Short-interval cortical inhibition, expressed as SICl, is
shown in Figure 2. There was a significant condition x time
interaction [F,,5=14.950, p=0.002, n,>=0.499]. For the control
condition, there was a 10.7% reduction in SICI, (from 12.7+8.4
%MEP,,, to 11.3+6.4 %YMEP,,,). For the HIIT condition, there
was 86.2% increase in SICIy, (from 11.4+5.0 %MEP,y to
21.1+11.1 %MEP,,).

Blood Biomarkers

Table 2 displays the blood biomarkers detected in the
immunoassay before and after the intervention for both
CONTROL and HIIT conditions. Across all measures, no
significant condition x time interactions were detected (all
p>0.05). A medium effect size was reported for BDNF
(n,°=0.219) with a 9.5% reduction following the control condition
(from 308.7+97.8pg/ml to 279.3+£102.5pg/ml) and a 23.6%
increase following the HIIT condition (from 362.1+166.1pg/
ml to 447.6+250.2pg/ml). A medium effect size was also
reported for VEGF (1,°=0.199) with a 5.0% increase following
the control condition (from 127.1+25.4 pg/ml to 133.4+52.0 pg/
ml) and a 22.7% increase following the HIIT condition (from
124.2+20.6 pg/ml to 152.4+57.4pg/ml).

DISCUSSION

The present study investigated how high-intensity exercise alters
non-invasive measures of cortical facilitation, inhibition, and
blood concentrations of BDNEF. Overall, significant interactions
were observed for cortical excitability for MEP,,, (Figure 1A)
and intracortical inhibition (Figure 2), where the interactions
were driven by an increase in cortical excitability and a decrease
in intracortical inhibition for the HIIT condition only. There
were no significant differences between conditions for any of
the blood biomarkers (Table 2). Although non-significant, HIIT
produced a 23.6% increase in BDNF after exercise, whereas
control had a —9.5% decrease in blood BDNF (p=0.125,
n,°=0.219). The medium size effect size combined with the
mean changes in BDNF being in the correct direction of our
a-priori hypothesis, warrants further investigation with a larger
sample size.

The significant interaction for MEP,,), where HIIT increased
corticospinal excitability (29.1%) and controls decreased slightly
(—6.0%), paired with similar non-significant trends for MEP ,
suggests that HIIT may prime cortical gray matter and influence
GABAergic synaptic transmission into pyramidal neurons. This
notion is based on the concept that higher intensity stimulations
evoke D-waves which are thought to represent direct excitation
of the pyramidal neurons, whereas lower stimulation-intensities
are known to evoke I-waves that reflect trans-synaptic activation
that originates from cortical level excitatory interneurons, which
are controlled by GABAergic interneurons that act into cortico-
motoneurons (Ziemann, 2020). Although the stimulation intensity
difference between MEP,,, and MEP,,, is not great enough to
fully differentiate between evoked D-waves from I-waves, the
present findings may indicate mechanistic differences. The larger
reduction in MEP,,, may indirectly support the notion that
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FIGURE 1 | Motor evoked potential (MEP) amplitude (mV) evoked at (A) 120% resting motor threshold (RMT) and (B) 140% RMT measured PRE and POST for
each participant (gray lines) with control condition shown in the left panels, and HIIT shown on the right panels. The mean amplitude for each condition is depicted

HIIT

PRE POST
PRE POST

GABAergic inhibition is reduced from these interneurons into
cortico-motoneurons in the cerebral cortex. This is supported
by the significant reduction in intracortical inhibition, where
a significant group x time interaction was observed for SICIs,,
driven by an increase in the SICly, for the HIIT group
(Figure 2). An increase in SICI, reflects a reduction in
intracortical GABAergic inhibition, which essentially allows
pyramidal neurons to become more excitable due to their
disinhibited state. Previous literature has established a mechanistic
link between reductions in cortical inhibition (i.e., reduction
in GABA concentration) and increased long-term potentiation
and motor learning (Floyer-Lea et al., 2006; Stagg et al., 2011).
With that, HIIT may be an effective method for “priming”
the cerebral cortex for enhanced motor learning through
decreased inhibitory control of pyramidal neurons.

None of the neurotrophic markers underwent significant
changes in the present study. This may be due to the low

sample size and the large variability observed across the different
neurotrophic factors, as well as the fact that BDNF polymorphisms
were not investigated. The Val66Met mutation, which occurs
in 20-30% of the adult population, can inhibit the release of
BDNF following exercise (Lemos et al., 2016), and the presence
of this mutation, our sample of participants is unknown. Despite
this, non-significant increases of BDNF (23.6%) and VEGF
(22.7%) were observed with medium effect sizes (1,°=0.219
and 0.199, respectively). Of particular, interest is the 23.6%
increase in BDNF for the HIIT group. As an increase in BDNF
is known to reduce cortical inhibition and promote excitatory
neuroplasticity, the culmination of the findings generally supports
this notion. In HIIT, a non-significant increase in BDNF was
observed, accompanied by a significant increase in SICI and
MEP,,, all of which are thought to reflect a net reduction in
GABAergic synaptic transmission and increased glutamatergic
synaptic facilitation resulting in increased corticospinal
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FIGURE 2 | Short-interval intracortical inhibition (conditioned MEP amplitude expressed as % of unconditioned MEP;,, amplitude) measured PRE and POST for
each participant (gray lines) with control condition shown in the left panel, and HIIT condition shown on the right panel. The mean for each condition is depicted by
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TABLE 2 | Blood biomarkers before and after each intervention.

Control HIT Condition x time interaction
Pre Post Change Pre Post Change F,10 P np?
BDNF (pg/ml) 308.7+97.8 279.3+102.5 -9.5% 362.1+166.1 447.6+250.2 23.6% 2.811 0.125 0.219*
NGF (pg/L) 387.3+111.6 366.6+91.7 -5.3% 326.4+34.1 356.4+110.5 9.2% 1.285 0.283 0.114
GDNF (pg/ml) 28.1+3.8 27.3+2.9 -2.8% 26.1+£1.9 26.5+3.33 1.5% 0.747 0.408 0.069
IGF-1 (ng/ml) 10.6+1.7 10.9+1.5 2.8% 10.3+1.4 9.9+2.2 -3.9% 1.165 0.308 0.104
VEGF (pg/ml) 127.1+£25.4 133.4+52.0 5.0% 124.2+20.6 162.4+57.4 22.7% 2.726 0.127 0.199*

*indicates medium effect size (>0.13).

excitability. The non-significant 22.7% increase in VEGF that
was seen in the HIIT group may reflect a modest increase in
blood vasculature that facilitates neurovascular coupling in
cerebral gray matter, resulting in increased metabolic processes
for neuronal firing.

There are several factors to consider that may limit these
findings and the generalizability of the work to various
populations. First, the effect of exercise intensity on BDNFE,
IGF-1, and other circulating factors in the blood may also
be influenced by the baseline fitness level of the individual
(Knaepen et al., 2010; Basso and Suzuki, 2017). Highly active
participants exhibit a greater post-exercise increased in these
factors when compared to those who have a sedentary lifestyle
(Castellano and White, 2008; Zoladz et al., 2008). In this study,
we recruited participants who did not meet the Australian
physical activity guidelines, which may have contributed to
the lack of significant changes in circulating blood factors that
were observed. Further, acute aerobic exercise is known to
increase circulating levels of BDNF in males to a greater extent
than females (Dinoff et al., 2017). With the present study,

blood samples were obtained from five male and six female
participants. It is possible that the lack of a significant interaction
was clouded by the sex differences. In addition, the timing
of the post-exercise blood sample (approx. 20 min post-exercise)
may have failed to capture the optimal period of the participants
response. Few studies report the specific timing of venous
sampling, and most studies appear to take single blood samples
immediately post-exercise (Knaepen et al., 2010). Some evidence
suggests that BDNF levels may return to baseline within
15-20min of exercise cessation (Vega et al, 2006; Marquez
et al,, 2015), thus the timing of the post-exercise blood sample
in this study (20min) may have been a limiting factor in the
interpretation of our results. Therefore, future studies should
consider obtaining blood samples immediately after exercise
and also aim to determine optimal exercise dosing for enhancing
BDNF in both sexes.

Several TMS studies have previously reported exercise-induced
changes in M1 facilitation and inhibition following continuous
aerobic training (Singh et al., 2014; Smith et al, 2014). It is
not known how exercise type, intensity, and duration might

Frontiers in Psychology | www.frontiersin.org

6 March 2022 | Volume 13 | Article 814633


https://www.frontiersin.org/journals/psychology
www.frontiersin.org
https://www.frontiersin.org/journals/psychology#articles

Hendy et al.

HIIT Primes the Motor Cortex

influence the longevity of intracortical modulation. While there
have been no specific attempts to assess the time-course duration
of exercise-induced changes in intracortical inhibition or
facilitation of the non-exercised muscle, Smith et al. (2014)
reported reductions in SICI at 15min post-exercise, but not
30min post-exercise. In contrast, Singh et al. (2014) showed
a significant reduction in inhibition, and increased facilitation
at both 0 and 30 min post-exercise, reporting changes of similar
magnitude at both time points. It is possible that the intensity
of the exercise used in this study, combined with the inclusion
of sedentary participants, may have influenced the acute effects
of exercise on M1 facilitation and inhibition. Future studies
should seek to determine the effects of these factors on acute
M1 responses.

In conclusion, the present study investigated the impact of
HIIT training on cortical measures of excitability and inhibition,
in addition to blood markers of neurotropic factors. An acute
increase in MEP,,,, and reduction in SICI for the HIIT group,
paired with non-significant medium effect sizes for BDNF and
VEGF with mean changes in the direction of our a-priori
hypotheses, provide indirect evidence that interneuronal synaptic
transmission into the pyramidal neurons may be facilitated.
These findings support the notion that HIIT provides a potent
stimulus for inducing cortical neuroplasticity that may support
enhanced motor outcomes with subsequent motor practice.
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