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Abstract

Acute aerobic exercise alters neurotrophic and growth factor concentrations, increases neural
activity and improves cognitive and motor function. Additionally, acute exercise increases
excitation and reduces inhibition in the motor cortex as assessed via transcranial magnetic
stimulation (TMS). The propensity for exercise-induced neuroplasticity may be greater in females,
as females show greater neuroplasticity induction following non-invasive brain stimulation (NIBS)
compared to males. In females, NIBS yields greater neuroplasticity during ovulation, when
estradiol levels are higher, compared to menstruation, suggesting that ovarian hormones may also
impact exercise-induced neuroplasticity. To date, it is unknown whether biological sex and ovarian
hormones impact neuroplasticity induced by acute aerobic exercise. The present thesis investigated
the effects of biological sex and ovarian hormones on the magnitude and direction of
neuroplasticity induced by acute aerobic exercise. Fourteen females and fourteen age- and fitness-
matched males participated in two sessions in which dependent measures were acquired before
and following a single bout of aerobic exercise. Females were tested in the follicular (~day 7) and
luteal (~day 21) phases of the menstrual cycle and males were also tested on two occasions
separated by ~14 days. The exercise intervention consisted of 5 minutes of warm up, 20 minutes
of moderate intensity continuous cycling at 65-70% maximal heart rate, and 5 minutes cool down.
TMS was used to obtain motor evoked potential (MEP) recruitment curves and short interval
intracortical inhibition (SICI) from the right first dorsal interosseous muscle. Blood measures of
estradiol, progesterone, testosterone, and brain-derived neurotrophic factor were assessed before
exercise on both testing sessions. Results indicated that only females showed increases in MEP
recruitment curve following exercise, and this occurred regardless of menstrual cycle phase. SICI

did not change following exercise for males or females on either testing session. The estrogen to
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progesterone ratio in females was greater in the follicular phase compared to the luteal phase.
There was a trend towards greater serum BDNF levels in females in the luteal phase compared to
the follicular phase. Sex hormones and BDNF levels did not vary across sessions in males. These
findings indicate biological sex, but not ovarian hormones, is an important factor to consider when

inducing neuroplasticity using acute exercise.
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Chapter 1: Review of the Literature
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Exercise-Induced Neuroplasticity in Humans

Neuroplasticity is the ability of the central nervous system to change in response to the
environment. These changes can occur at the molecular level, cellular level, and structural level,
and can lead to behavioural changes in the long-term. Neuroplasticity is a key phenomenon, as it

is crucial for development, learning, or recovery following neurological injury and disease.

It is well known that long-term aerobic exercise leads to improved quality of life, improved health,
and reduced risk of cardiovascular disease (Goodman et al. 2016, Mang et al. 2013). Aerobic
exercise can modulate many physiological systems involved in brain maintenance and
neuroplasticity, such as neurotrophic and growth factors, cellular processes, and brain structure
and function (see review El-Sayes et al., 2018). In the long-term, aerobic exercise results in
improved cognitive (see review Stillman, Cohen, Lehman, & Erickson, 2016) and motor function
(see review Hubner & Voelcker-Rehage, 2017). Importantly, acute aerobic exercise (i.e. a single
session of exercise) can induce short-term neuroplasticity. The mechanisms underlying acute
exercise-induced neuroplasticity are described below. These mechanisms include alterations in

neurotrophic and growth factors, functional connectivity, and cognitive and motor function.

Neurotrophic and Growth Factors

Acute exercise modulates the concentration of peripheral brain-derived neurotrophic factor
(BDNF). BDNF promotes neuroplasticity throughout development and adulthood (Monteggia et
al., 2004; Poo, 2001) by increasing gliogenesis, neurogenesis, and synaptogenesis (see review El-

Sayes et al., 2018). Specifically, BDNF promotes neural stem cell differentiation into astrocytes
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(Cheng et al., 2006) and stimulates neuronal cell proliferation and differentiation (Benraiss et al.,
2001; Pencea et al., 2001; Zigova et al., 1998). BDNF regulates synapse formation and growth
(Acheson et al., 1995; Binder and Scharfman, 2004) through strengthening of glutamatergic
neurotransmission (Binder and Scharfman, 2004) and weakening of gamma-aminobutyric acid
(GABAergic) neurotransmission (Binder and Scharfman, 2004; Kowianski et al., 2017).
Following acute exercise, peripheral BDNF levels are increased (see review Huang, Larsen, Ried-
Larsen, Mgller, & Andersen, 2014). Studies testing different exercise intensities showed increases
in BDNF following high intensity exercise (i.e. 10% above ventilatory threshold or 60% peak
oxygen uptake) but not low intensity exercise (Ferris et al., 2007; Nofuji et al., 2012; Rojas Vega
et al., 2012). While it has been suggested that peripheral BDNF levels may reflect brain BDNF
levels (Krabbe et al., 2007), this remains unclear. BDNF is synthesized in both in the periphery
(Wang et al., 2006) and in the central nervous system (Fujimura et al., 2002; Pan et al., 1998), but
can only be obtained in vivo peripherally. BDNF is stored in platelets (Fujimura et al., 2002), and
the analysis of BDNF levels is impacted by the completeness of blood clotting and the plasma
isolation protocol (Fujimura et al., 2002). Further, ELISA Kkits used to analyze BDNF levels are
susceptible to artifacts due to low specificity of BDNF antibodies and the presence of BDNF
binding protein in the blood (Skornicka et al., 2002). Therefore, due to these confounding factors

it remains unclear if obtained peripheral BDNF levels are a true reflection of brain BDNF.

BDNF levels are related to levels of insulin-like growth factor 1 (IGF-1) and vascular endothelial
growth factor (VEGF). IGF-1 is crucial for normal brain development and maintenance (Nieto-
Estévez et al.,, 2016; Sonntag et al., 2013), and increases neurogenesis, gliogenesis, and

synaptogenesis (see review El-Sayes et al., 2018). IGF-1 promotes neural proliferation (Pérez-
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Martin et al., 2010; Torres-Aleman et al., 1990) and differentiation into oligodendrocytes (Carson
et al., 1993; Hsieh et al., 2004). IGF-1 also increases levels of tropomyosin-related kinase B
(TrkB), the BDNF receptor, thereby increasing BDNF signaling (Cotman and Berchtold, 2002).
Further, blocking IGF-1 prevents exercise-induced BDNF increases (Ding et al., 2006). IGF-1 and
BDNF work together by converging on BDNF signaling as a common pathway to mediate
exercise-induced neuroplasticity (Cotman and Berchtold, 2002). The effects of acute exercise on
IGF-1 levels are inconsistent. Some studies have reported increases in IGF-1 following exercise
(Cappon et al., 1994; Kraemer et al., 2004; Schwarz et al., 1996; Skriver et al., 2014), with greatest
increases observed following high intensity exercise compare to lower intensities (Schwarz et al.,
1996). However, other studies report no change in IGF-1 levels following exercise (Banfi et al.,

1994; Griffin et al., 2011; Koistinen et al., 1996).

VEGF provides a vascular environment suitable for the growth of neurons (Louissaint et al., 2002)
and promotes exercise-induced angiogenesis (Ding et al., 2006). Further, greater VEGF mRNA
and protein levels are associated with exercise-induced increases in microvessel density (Ding et
al., 2006). VEGF is also involved in neurogenesis, as exercise-induced increases in neurogenesis
are abolished when VEGF increases are blocked (Fabel et al., 2003). IGF-1 is necessary for
exercise-induced vessel remodeling (Lopez-Lopez et al., 2004) and BDNF stimulates VEGF
transcription (Nakamura et al., 2011). VEGF levels are increased following acute exercise (see
review El-Sayes et al., 2018). Therefore, acute exercise increases levels of neurotrophic and
growth factors that mediate neuroplasticity induction. These increases indicate the capacity for

acute exercise to induce short-term neuroplasticity. Increases in neurotrophic and growth factor
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levels mediate other short-term changes in the brain following exercise and eventually lead to the

long-term changes induced by chronic exercise.

Functional Connectivity and Cerebral Blood Flow

Changes in brain function following acute exercise can be assessed using functional Magnetic
Resonance Imagery (fMRI). Few studies have investigated the effects of acute exercise on
functional connectivity in healthy adults. Rajab and colleagues (2014) showed an exercise-induced
increase in functional connectivity in cortical loci associated with motor function and tactile
processing. Activity was also increased in thalamic-caudate regions, which play a role in motor
learning and reward (Rajab et al., 2014). Additionally, functional activity assessed during an
executive function task is increased in the prefrontal (Li et al., 2014; Yanagisawa et al., 2010) and
occipital (Li et al., 2014) cortices, while decreased in the cingulate (Li et al., 2014), frontal (Li et
al., 2014; Yanagisawa et al., 2010), and parietal (MaclIntosh et al., 2014) lobes following acute
exercise. These changes in neural activity were accompanied by exercise-induced improvements
in cognitive performance (Yanagisawa et al., 2010), but not always (Li et al., 2014). Changes in
neural activity are likely mediated by increases in cerebral blood flow (CBF) observed following
acute exercise (see review El-Sayes et al., 2018). Therefore, molecular changes induced by acute

exercise are also observable on a circuit level.

Cognitive and Motor Function
Acute exercise has functional benefits as seen by improvements in cognitive and motor function.

A single session of aerobic exercise reduces reaction time (Ozyemisci-Taskiran et al., 2008),
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improves memory and planning (Nanda et al., 2013) and improves working memory (Weng et al.,
2015). Acute exercise also improves motor skill acquisition (Skriver et al., 2014; Snow et al., 2016;
Statton et al., 2015), retention (Roig et al., 2012; Skriver et al., 2014; R. Thomas et al., 2016;
Richard Thomas et al., 2016b) and motor memory (Mang et al., 2016b; Roig et al., 2012; Richard
Thomas et al., 2016a). These findings support the capacity for acute exercise to promote positive

behavioural outcomes.

Summary

It is evident that acute aerobic exercise is capable of inducing neuroplasticity. Acute exercise
increases key neurotrophic and growth factors, such as BDNF and VEGF. These increases likely
drive changes in functional connectivity observed following a single session of exercise. The
exercise-induced increases in cerebral blood flow help sustain this increased neural activity by
providing neurons with oxygen and nutrients (see review El-Sayes et al., 2018). Last, increases in
neural activity and connectivity likely mediate the improvements in cognitive and motor function
observed following acute exercise. As such, acute exercise is a viable tool to induce neuroplasticity

in both experimental and clinical settings.

Transcranial Magnetic Stimulation: Assessing Neuroplasticity

Transcranial magnetic stimulation (TMS) is a non-invasive tool used to stimulate the brain and
assess the excitability of the motor cortex and corticospinal tract (Hallett, 2007). TMS produces a
magnetic field that induces a perpendicular electric field within the cortex, exciting cortical

neurons (Hallet, 2000; Hallett, 2007) (Figure 1). TMS depolarizes superficial pyramidal neurons
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that have excitatory synapses onto corticospinal neurons (Di Lazzaro et al.,, 2012). The
corticospinal volleys travel down the spinal cord and synapse onto alpha motor neurons creating
an excitatory post-synaptic potential (EPSP) in the spinal motorneuron pool. If the EPSP
depolarizes the spinal motorneuron pool, action potentials will be generated resulting in a
measurable motor response from the targeted muscle (Siebner and Rothwell, 2003). The motor
response from the muscle of interest is recorded using electromyography (EMG). As such, TMS
allows for the investigation of specific muscle representations within the motor cortex by
stimulating descending corticospinal neurons to the target muscle. See Table 1 for a summary of

TMS measures.
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Pyramidal Neurons

Corticospinal
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EMG e —%
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Figure 1. Pathway of TMS stimulation along the corticospinal tract: TMS excites pyramidal
neurons, leading to excitation of corticospinal neurons, which synapse onto alpha
motorneurons. Excitation of alpha motorneurons leads to a response in the target muscle,
known as a MEP, which is recorded using EMG. TMS: Transcranial Magnetic Stimulation,
o MN: Alpha Motorneuron, MEP: Motor Evoked Potential, EMG: Electromyography.

Motor Threshold

TMS can be used to acquire motor thresholds, which are measures of cortical excitability and
indicative of voltage-gated sodium channel activity (Ziemann et al., 2014). Voltage-gated sodium
channels are responsible for the generation of action potentials in neurons. Motor thresholds are
dependent on the activity of synaptic relays in the cortex and the spinal cord (Siebner and Rothwell,

2003). Antiepileptic drugs blocking voltage gated sodium channels increase motor threshold (i.e.
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reduce excitability), while NMDA receptor antagonists decrease motor threshold (see review

Ziemann et al. 2014).

Resting motor threshold (RMT) is defined as the minimum TMS stimulus intensity required to
elicit a motor evoked potential (MEP) while the muscle is at rest. It is obtained by determining the
minimum TMS stimulus intensity that elicits an MEP amplitude of 50 pV or greater in 5 out of 10
consecutive trials (Rossi et al., 2009). Active motor threshold (AMT) is defined as the minimum
TMS stimulus intensity required to elicit a MEP while the muscle is maintaining an isometric
contraction. It is obtained by determining the minimum TMS stimulus intensity required to elicit
a peak-to-peak MEP amplitude of 200 pV or greater in 5 out of 10 consecutive trials while
participants maintain a percentage of their maximum voluntary contraction of the target muscle

(Rossi et al., 2009; Siebner and Ziemann, 2014).

Motor Evoked Potentials

MEPs are electrical potentials recorded from a muscle following delivery of TMS to the motor
cortex. The MEP amplitude quantifies the level of corticospinal excitability, such that larger
amplitudes indicate greater corticospinal excitability (Bestmann and Krakauer, 2015). Positive
allosteric modulators of GABAA receptors decrease MEPs (see review Ziemann et al. 2014).
Comparatively, serotonin and noradrenaline agonists increase MEP amplitude (see review
Ziemann et al. 2014). Therefore, MEP amplitude elicited by TMS reflects the activation of
corticospinal neurons through a network of excitatory circuits that are mediated by inhibitory

synaptic connections (see review Ziemann et al. 2014). A common assessment of MEPs is a
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recruitment curve, which displays the growth of MEP amplitude with TMS stimulus intensity in a
sigmoidal function (Figure 2) (Devanne et al., 1997; Hess et al., 1987; Mdller et al., 2009). As the
TMS intensity increases, the MEP amplitude also increases as more upper and lower motorneurons
are recruited. At higher TMS intensities the curve will reach a plateau, indicating that all available

motor neurons have been recruited using TMS.

MEP Amplitude (mV)
N
1

0 1 1 1 1 1 I I I 1

0O 10 20 30 40 50 60 70 80 90 100
TMS Intensity (%MSO)

Figure 2. MEP Recruitment Curve: MEP amplitude increases as TMS intensity increases.
Curve reaches a plateau when all motorneurons have been recruited. MEP: Motor Evoked
Potential; TMS: Transcranial Magnetic Stimulation, MSO: Maximum Stimulation Output.

Figure created for illustration purposes only.

Short Interval Intracortical Inhibition
Short interval intracortical inhibition (SICI) is thought to represent short lasting inhibitory post-
synaptic potentials (IPSPs) in corticospinal neurons and is a result of activity in the intracortical

inhibitory circuits utilizing GABA as a neurotransmitter (see review Ziemann et al. 2014).

10
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Specifically, it is an indirect measure of GABAA circuitry in the motor cortex (Maruyama et al.,
2006; Singh and Staines, 2015; Ziemann et al., 2014). SICI is measured using a paired-pulse TMS
protocol that delivers a subthreshold conditioning stimulus (CS) followed by a suprathreshold test
stimulus (TS) 1-5 ms later (Kujirai et al., 1993). The CS results in the inhibition of the TS-evoked

MEP.

Table 1. Summary of TMS Dependent Measures

TMS Dependent Measure Receptor Activity Common Stimulation Parameters
RMT: MEP >50 pV in 5 out of 10 trials
Motor Thresholds (RMT, AMT) Voltage Gated Na* (at rest)

AMT: MEP > 200 pV in 50 out of 10
trials (during tonic contraction)
Single-pulse TMS at increasing
NMDA, GABAA  stimulation intensities (e.g. 90-200%
RMT or 10-100% MSO)
Paired-pulse TMS - ISI: 2ms, TS: 1mV,
CS: 80 or 90% AMT

Receptor activity: Ziemann and others 2014; Na*: sodium ions; NMDA: N-Methyl-D-aspartic acid;
GABA: Gamma-Aminobutyric acid; ISI: interstimulus interval; TS: test stimulus; CS: conditioning
stimulus; RMT: resting motor threshold; AMT: active motor threshold; MSO: Maximum Stimulator
Output.

Motor Evoked Potential Recruitment
Curves

Short Interval Intracortical Inhibition GABAA

TMS to Measure Exercise-Induced Neuroplasticity

TMS can be used to assess short-term changes in neurotransmitter receptor activity that follows
acute exercise. No changes in RMT (Lulic et al., 2017; Smith et al., 2014) or AMT (Lulic et al.,
2017) are observed following acute exercise. MEP amplitude has been shown to increase (Lulic et
al., 2017) or not change following exercise (Singh et al., 2014; Smith et al., 2014; Stavrinos and
Coxon, 2017; Yamaguchi et al., 2012). Discrepancies between findings may be due to participant

demographics, as physically active individuals show increases in MEPs following exercise while

11
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inactive individuals do not (Lulic et al., 2017). ICF (i.e. glutamatergic neurotransmission) is
increased (Singh et al., 2014) or decreased (Lulic et al., 2017) following exercise. Discrepancies
here are likely due to differences in exercise and TMS protocols. Long-interval intracortical
inhibition (LICI), ameasure of GABABg neurotransmission, is reduced following exercise (Mooney
et al., 2016), indicating reduced GABAg receptor activity following exercise. Further, SICI (i.e.
GABAA neurotransmission) is reduced following acute exercise (Lulic et al., 2017; Singh et al.,
2014; Smith et al., 2014; Stavrinos and Coxon, 2017), indicating reduced GABAA receptor activity
following exercise. These findings indicate it is feasible to assess the effects of acute exercise on

receptor activity using TMS.

Factors Impacting Exercise-Induced Neuroplasticity

Although acute exercise induces neuroplasticity, several factors may contribute to the direction
and magnitude of neuroplasticity induction. Fitness level, biological sex, ovarian hormones, and
cortisol have all been shown to impact neuroplasticity induced by non-invasive brain stimulation
(NIBS). These factors should be considered in experimental settings to reduce the variability
within and between studies. Further, these factors may impact the success of rehabilitation exercise
protocols attempting to induce neuroplasticity via acute exercise, and therefore should be

considered in clinical settings.

Fitness Level
Physically active individuals show greater NIBS-induced and exercise-induced neuroplasticity
compared to sedentary individuals. Following excitatory NIBS, fit individuals show the expected

increase in corticospinal excitability, assessed via MEPs, while sedentary individuals do not

12
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(Cirillo et al., 2009). Further, only individuals participating in greater amounts of physical activity
show increases in corticospinal excitability following 20 minutes of moderate intensity cycling
(Lulic et al., 2017) (Figure 3). The enhanced propensity for neuroplasticity in fit individuals is
likely attributed to the long-term changes observed following chronic exercise (e.g. increases in
neurotrophic factors, brain volume, and cerebral blood flow). Increased central circulation of
neurotrophic and growth factors upregulate neurogenesis, synaptogenesis, gliogenesis, and
angiogenesis (El-Sayes et al., 2018). Through these processes, aerobic exercise increases grey and
white matter volume, leading to increased efficiency of neural activity and communication (El-
Sayes et al., 2018). These changes are sustained by increased cerebrovascular function, which
provides adequate nutrients to support the increase in brain volume and activity (El-Sayes et al.,

2018).

13
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Figure 3. Motor evoked potential (MEP) amplitude (i.e. corticospinal excitability) increases following exercise
only in highly physically active individuals but not low to moderately active individuals. Figure adapted with
permission from Lulic et al. 2017, PLOS One.

Biological Sex

Females have greater neuroplasticity induction following NIBS compared to males (see review
Ridding and Ziemann 2010). For example, females show a greater reduction in MEP amplitude
following cathodal transcranial direct current stimulation (ctDCS) to the motor cortex compared
to males (Kuo et al., 2006). Females also show greater neuroplasticity induction following anodal
tDCS (atDCS) to the visual cortex compared to males (Chaieb et al., 2008). It is likely that females
will show greater exercise-induced neuroplasticity, as studies with a larger proportion of female
participants than males show greater improvements in cognitive function following aerobic
training (see reviews Barha, Davis, et al. 2017; Colcombe and Kramer 2003; Barha, Galea, et al.

2017). Further, although both sexes reportedly have similar levels of peripheral BDNF
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(Lommatzsch et al., 2005; Piccinni et al., 2008), females have higher brain levels of BDNF
expression compared to males (Michalski et al., 2015). Following aerobic training, females show
increases in peripheral BDNF levels and improvements in executive function, while males did not
(Barha et al., 2017d). Sex differences in neuroplasticity induction may be mediated by structural
and functional differences between sexes. Females have greater grey matter volume, cerebral
blood flow, and baseline neural activity compared to males (see review Cosgrove, Mazure, and
Staley 2007). Taken together, these findings suggest that exercise-induced neuroplasticity is likely

greater in females compared to males.

Menstrual Cycle and Ovarian Hormones

In females, neuroplasticity induction is greater when estradiol is high (Inghilleri et al., 2004).
Neuroplasticity induced by NIBS is greater during ovulation compared to during menstruation
(Inghilleri et al., 2004). Neuroplasticity induced by exercise may also be greater when estradiol
levels are higher. In the CNS, estradiol is excitatory in nature, as it enhances N-methyl-D-aspartate
(NMDA) receptor activity and blocks GABAA receptor activity (Amin et al., 2006). In animals,
estradiol increases BDNF expression and protein levels (see review Sohrabji and Lewis, 2006).
Progesterone exerts an inhibitory effect in the CNS through its metabolite, allopreganone, which
modulates the activity of GABAA receptors (see review Guennoun et al., 2015). Allopreganone
enhances inhibition by prolonging the opening of chloride channels in GABAA receptors (see
review Guennoun et al., 2015). Further, greater levels of short interval intracortical inhibition
(GABAAa-mediated) in the luteal phase (Smith et al., 2002, 1999) are likely mediated by increased
progesterone levels. By altering receptor function, estradiol and progesterone may impact

neuroplasticity induction.
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BDNF and glutamate concentrations also fluctuate across the menstrual cycle, which may impact
neuroplasticity induction. Plasma (Begliuomini et al., 2007; Cubeddu et al., 2011; Pluchino et al.,
2009) and platelet (Lommatzsch et al., 2005) BDNF levels are greater in the luteal phase compared
to the follicular phase. Further, estradiol levels are positivity correlated with plasma BDNF
(Begliuomini et al., 2007; Pluchino et al., 2009), as estradiol can induce BDNF mRNA and protein
synthesis (Carbone and Handa, 2013). Glutamate concentrations are lower in the luteal phase
compared to the follicular phase (Batra et al., 2008; Zlotnik et al., 2011). These variations in BDNF
and glutamate concentrations likely impact the propensity for neuroplasticity induction across the

menstrual cycle.

Cortisol

Cortisol reduces the propensity for neuroplasticity induced by NIBS. Previous work shows that
cortisol administration impedes increases in corticospinal excitability induced by paired
associative stimulation (Sale et al., 2008). Further, cortisol administration reduces hippocampal
activity (Lovallo et al., 2010), memory retrieval (de Quervain et al., 2003) and cerebral blood flow
(de Quervain et al., 2003; Strelzyk et al., 2012). The impairment of neuroplasticity induction by
cortisol is likely driven by its hyperpolarizing effects, as cortisol has been shown to increase
GABAAa-mediated inhibition (Wotton et al., 2018). Therefore, it is likely that increases in cortisol
due to exercise may also impede exercise-induced neuroplasticity. However, cortisol levels are
increased following high intensity exercise (i.e. 80% maximal heart rate or 80% VOpeak) but not
low or moderate intensity (i.e. <57% maximal heart rate or < 60% VOpeak) (Hotting et al., 2016;

VanBruggen et al., 2011).
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Conclusions and Unanswered Questions

The beneficial effects of aerobic exercise are well understood and described, and there is now
evidence that exercise is also capable of altering activity within the primary motor cortex. Several
factors, such as fitness level, are known to impact exercise-induced neuroplasticity (see review El-
Sayes et al., 2018). However, not all factors are well understood. Evidence suggests that
neuroplasticity induction via non-invasive brain stimulation is dependent on biological sex and
ovarian hormones. It remains unclear whether exercise-induced neuroplasticity is impacted by
these factors. Therefore, this research aimed to determine whether biological sex and ovarian
hormones impact exercise-induced neuroplasticity. Information from this research may be used to
improve the success of rehabilitation approaches that aim to increase corticospinal output to

impaired muscles, such as following stroke.
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Chapter 2: Goals of Thesis and Significance
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The overall purpose of the thesis is to investigate if biological sex and ovarian hormones impact
the propensity for exercise-induced short-term neuroplasticity. This thesis used TMS to assess
changes in neuronal output to the hand muscles following moderate intensity continuous cycling.
Lower limb exercise has been shown to alter neuronal output to muscles of the hand/arm (Cirillo
et al., 2009; Coco et al., 2016; Garnier et al., 2017; Kumpulainen et al., 2015; Lulic et al., 2017,
McDonnell et al., 2013; McGregor et al., 2013; Mooney et al., 2016; Neva et al., 2017; Singh et
al., 2014; Smith et al., 2014; Stavrinos and Coxon, 2017) as well as lower limb muscles (Harel et
al., 2015; Jubeau et al., 2014; Motl and Dishman, 2003; Racinais et al., 2007; Sidhu et al., 2012;
Yamaguchi et al., 2012). A goal of rehabilitation protocols (e.g. following stroke or spinal cord
injury) is to increase neuronal output to the hand muscles to promote functional recovery. This
study reveals differences in exercise-induced neuroplasticity of the primary motor cortex as a
function of biological sex but not ovarian hormones, assessed via menstrual cycle phase.
Therefore, this thesis provides important considerations for research and rehabilitation protocols

aiming to induce neuroplasticity via acute exercise.

Significance

Acute aerobic exercise can be used to prime the motor cortex for plasticity, leading to
improvements in motor learning (Snow et al. 2016) and increased response to non-invasive brain
stimulation (NIBS) (Singh, Neva and Staines 2014b, McDonnell et al. 2013, Mang et al. 2014,
Mang et al. 2016). Evidence suggests that the propensity for NIBS-induced neuroplasticity is
affected by biological sex (Ridding and Ziemann, 2010) and ovarian hormones (Inghilleri et al.
2004). This research reveals that biological sex also impacts neuroplasticity induced by a single

session of aerobic exercise, while ovarian hormones do not.
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The research serves two main purposes: First, it reveals new neuroscience information about the
effects of biological sex and ovarian hormone fluctuations on exercise modulation of the neural
control of the upper limb. Second, the information obtained can be used for future comparison
with special populations such as individuals who have suffered a stroke to determine whether sex
and ovarian hormones impact the success of exercise protocols used in a clinical setting.
Ultimately, the results obtained may be used to assist with developing new therapeutic

interventions aimed at improving upper limb control following neurological injury.
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Chapter 3: Hypotheses
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Biological Sex Effects
It was hypothesized that corticospinal excitability, assessed via MEPs, will increase following
acute exercise. The increase in MEPs would be greater in females than males, as females show

greater neuroplasticity induction via non-invasive brain stimulation (Ridding and Ziemann, 2010).

Ovarian Hormone Effects

Within females, it was hypothesized that exercise-induced MEP increases will be greater in the
follicular phase compared to the luteal phase of the menstrual cycle. Previous research has shown
greater neuroplasticity induction via non-invasive brain stimulation during ovulation compared to
menstruation (Inghilleri et al., 2004). Second, it was hypothesized that reductions in cortisol
inhibition (i.e. SICI) will be greater in the follicular phase compared to the luteal phase. This is
due to higher levels of progesterone in the luteal phase, which bind to GABAA receptors

(Guennoun et al., 2015), likely blocking the expected reductions in SICI.
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Chapter 4. Experiment — The Effects of Biological Sex
and Ovarian Hormones on Exercise-Induced
Neuroplasticity
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Abstract

Acute aerobic exercise induces neuroplasticity in part by increasing excitability and reducing
inhibition within the motor cortex, as assessed via transcranial magnetic stimulation (TMS). It
remains unknown if biological sex and ovarian hormones impact exercise-induced neuroplasticity.
The present study investigated the effects of biological sex and ovarian hormones on
neuroplasticity induced by acute aerobic exercise. Twenty-eight individuals (fourteen females,
fourteen males) participated in two sessions in which TMS measures were acquired before and
following 20 minutes of moderate intensity acute cycling at 65-70% of maximal heart rate.
Females were tested in the follicular (~day 7) and luteal (~day 21) phases of the menstrual cycle.
Males were tested on two sessions separated by ~14 days. TMS measures included motor evoked
potential (MEP) recruitment curves and short interval intracortical inhibition (SICI). Measures of
estradiol, progesterone, testosterone, and brain-derived neurotrophic factor (BDNF) were obtained
pre-exercise on both testing occasions. Results indicate that MEP recruitment curves increased
following exercise in females but not males, and this increase was associated with higher levels of
serum BDNF such that higher serum BDNF levels were associated with a greater percent change
in MEPs. Furthermore, there was a trend towards higher BDNF levels in the luteal phase compared
to the follicular phase. SICI was unaltered by exercise in both sexes. Therefore, biological sex
impacts the propensity for exercise-induced neuroplasticity and should be considered in future
research. Results did not vary across the menstrual cycle, indicating that ovarian hormones do not

impact the propensity for neuroplasticity.
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Significance Statement

Exercise can be used to prime the motor cortex for neuroplasticity, leading to improvements in
motor learning and increased response to non-invasive brain stimulation (NIBS). Evidence
suggests that the propensity for NIBS-induced neuroplasticity is influenced by biological sex and
ovarian hormones. This research revealed that biological sex, but not ovarian hormones, influence
neuroplasticity induced by a single session of aerobic exercise. These findings may be used to
assist with developing new therapeutic interventions aimed at improving upper limb control

following neurological injury.
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Introduction

Acute aerobic exercise can induce neuroplasticity and, as such, offers a cost-effective approach to
rehabilitation and improvements in quality of life. It is unknown if exercise-induced
neuroplasticity is influenced by biological sex; however, evidence suggests that a difference
between sexes may exist. Increases in brain-derived neurotrophic factor (BDNF) and
improvements in cognitive function following aerobic training are greater in females compared to
males (Barha et al., 2017b). Non-invasive brain stimulation (NIBS) induces greater neuroplasticity
in females compared to males (see review Ridding and Ziemann, 2010). Females have greater grey
matter volume, cerebral blood perfusion, and neural activation than males (Cosgrove et al., 2007),
suggesting that males and females may respond differently to neuroplasticity inducing

interventions.

Ovarian hormones may also influence exercise-induced neuroplasticity. NIBS-induced increases
in motor evoked potentials (MEPs) are only observed on day 14 of the menstrual cycle, when
estradiol levels are high, but not on day 1, when estradiol levels are low (Inghilleri et al., 2004).
This is likely due to the excitatory effects of estradiol that enhances N-methyl-D-aspartate
(NMDA) receptor activity and blocks GABAA activity (Amin et al., 2006). In contrast, in the luteal
phase, greater progesterone levels increase cortical inhibition, as progesterone enhances GABAA

activity (Guennoun et al., 2015).

TMS measures of corticospinal excitability and cortical inhibition offer an opportunity to explore

the propensity for exercise-induced neuroplasticity. An acute bout of aerobic exercise increases
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MEP amplitude (Lulic et al., 2017) and reduces short interval intracortical inhibition (SICI) (Lulic
etal., 2017; Singh et al., 2014; Smith et al., 2014). The present study investigated the influence of
sex and ovarian hormones on corticospinal excitability and intracortical inhibition before and
following an acute bout of aerobic exercise in recreationally active adults. It was hypothesized that
females would show greater exercise-induced increases in MEPs compared to males, as females
show a greater response to neuroplasticity induced by non-invasive brain stimulation (Ridding and
Ziemann, 2010). In females, increases in exercise-induced MEP and SICI reductions were
expected to be greater when progesterone levels are low during the follicular phase. Results
indicate that acute exercise increased corticospinal excitability in females but not males, in
agreement with the effects of NIBS. No change in SICI was observed following exercise, nor did

neuroplasticity vary with the phase of the menstrual cycle.

Methods

Participants

Twenty-eight individuals (Male: n = 14, 21.4 + 2.3 years; female: n = 14, 20.6 + 2.1 years)
participated in three sessions. There were no age differences between sexes (Mann Whitney: p =
0.412). All individuals were right-hand dominant as determined by the modified version of the
Edinburgh Handedness Scale (Oldfield, 1971) and had no known history of neurological disease.
Individuals on hormonal contraceptives or hormonal supplements were excluded. Only
recreationally active individuals (i.e. those with cardiorespiratory fitness (VOzpeak) in the “fair”
or higher category defined by the Canadian Society for Exercise Physiology) were included in the
study, as physically active individuals show greater propensity for neuroplasticity (Cirillo et al.,

2009; Lulic et al., 2017). All participants were screened for contraindications to TMS (Rossi et al.,
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2009) and exercise (Physical Activity Readiness Questionnaire; Warburton et al., 2011). Written
informed consent was obtained prior to participation. This study was approved by the McMaster
Research Ethics Board and the Hamilton Integrated Research Ethics Board and conformed to the

Declaration of Helsinki.

Experimental Design

In the first session, fat-free mass (FFM) was determined through air displacement
plethysmography (Bod Pod®, COSMED Inc., Concord, CA, USA), after a period of fasting
(minimum of 3 hours). Following a small meal, fitness level was assessed using a maximal oxygen
uptake test (VO.peak test) completed on an electronically braked cycle ergometer (Lode Excalibur
Sport V 2.0, Groningen, the Netherlands) and an on-line gas collection system (Moxus modular
oxygen uptake system, AEI Technologies, Pittsburg, PA, USA). For the VOzpeak test, a 2 minute
warm-up at 50 W was followed by an increase in the work intensity at a rate of 1 W every 2
seconds until volitional fatigue occurred or until participants could no longer cycle at 60 r.p.m.
The VOqpeak corresponded to the highest value achieved over a 30 second period. For each
participant, the VOpeak was calculated relative to FFM (equation below). Males and females
were matched for fitness level based on their VO2peak relative to FFM, according to established

practice for making sex-based comparisons (Tarnopolsky, 2008).

K (2L
VOzpeak (ML/kgFFM/min) = VOzpeak )

Fat—free mass (kg)

Sessions 2 and 3 were conducted in the morning (starting between 9-11am) and followed the

experimental timeline in Figure 1. Females were tested during the mid-follicular (days 6 to 9) and
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mid-luteal (days 19 to 23) phases of the menstrual cycle. The order of testing days (i.e. follicular
vs. luteal) was randomized among participants. Males were also tested on two occasions
approximately 14 days apart. Physical activity levels were assessed using the International
Physical Activity Questionnaire (IPAQ); Craig et al., 2003) to confirm that physical activity levels
were similar between the two experimental sessions. Each session was divided into two time
blocks: TO (pre-exercise) and T1 (10 minutes post-exercise). At TO, fasted blood samples were
collected from the antecubital vein to quantify levels of estradiol, progesterone, testosterone, and
serum BDNF. BDNF levels were assessed to determine differences between sexes and across the
menstrual cycle, and to determine if exercise-induced changes in TMS measures are associated
with BDNF levels. All other dependent measures (listed below) were obtained at TO and T1. The
order of dependent measure acquisition was pseudorandomized using the William Square

Counterbalance and held constant between Sessions 2 and 3 within a participant.

Acute Exercise Intervention

Participants completed lower limb cycling on an electronically braked cycle ergometer (Ergo Race,
Kettler, Germany). The exercise protocol included 5 minutes of warm up, 20 minutes of moderate
intensity continuous cycling at 65-70% of maximum heart rate (HRmax) (Garber et al., 2011),
followed by 5 minutes of cool down. For the 20 minutes of moderate intensity cycling, participants
were instructed to cycle at a self-selected pace between 70-90 r.p.m. as indicated on the ergometer
display. This pace was kept constant during the two experimental sessions. Throughout the
exercise, EMG activity of the FDI muscle (EMGexercise) Was recorded to ensure that the FDI muscle
(the target muscle for TMS-evoked measures) was inactive. Heart rate was monitored using

telemetry (Polar A3, New York, USA) to obtain continuous data for the 30 minutes exercise period
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and the 10 minute rest period following the exercise. Ratings of perceived exertion (RPE) were
obtained every 2 minutes during the 20 minute intervention using the 0-10 Borg scale (Borg, 1990)
to assess the subjective levels of fatigue. Salivary cortisol levels were assessed before and

immediately following the exercise intervention to assess fatigue elicited by the exercise protocol.

Electromyography Recording

Electromyography (EMG) was recorded using surface electrodes (9 mm diameter Ag-AgCl)
placed over the right first dorsal interosseous (FDI) muscle in a belly tendon montage. A wet
ground electrode was placed around the forearm. EMG signals were amplified (x1000), bandpass
filtered between 20 Hz and 2.5 kHz (Intronix Technologies Corporation Model 2024F with Signal
Conditioning; Intronix Technologies Corporation, Bolton, Canada), and digitized at 5 kHz
(Power1401, Cambridge Electronic Design, Cambridge, UK). EMG data were collected using

Signal software version 6.02 (Cambridge Electronic Design, Cambridge, UK).

Maximum Voluntary Contraction

Participants completed three maximal isometric contractions of the right FDI against an
immovable structure. Each contraction persisted for 5 seconds with a 30 second rest interval
between trials. The largest EMG activity obtained from any of the three trials was defined as the
maximum voluntary contraction (MVC) of FDI for an individual. The level of EMG activity
corresponding to 10% MVC was displayed on an oscilloscope as a horizontal target line.
Participants were required to match and maintain 10% MVC by contracting their right FDI during

the acquisition of active motor threshold (AMT) (see below).
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M-Max

Maximum M-wave (M-Max) was defined as the maximum response elicited from the right FDI
following ulnar nerve stimulation at the wrist. Nerve stimulation was delivered using a bar
electrode (cathode proximal) and a constant current stimulator (Digitimer DS7AH) delivering
square wave pulses with a 200 ps pulse width. Stimulation intensity was increased by 1 mA upon
each subsequent stimulation until the M-wave ceased to increase in 3 consecutive trials. The peak-

to-peak amplitude of the M-wave (mV) was defined as M-max.

Transcranial Magnetic Stimulation

Single and paired monophasic TMS pulses were delivered using a custom-built 50 mm diameter
figure-of-eight branding coil connected to a Magstim Bistim stimulator (Magstim, Whitland, UK).
The TMS coil was positioned 45 degrees in relation to the parasagittal plane to induce a posterior-
to-anterior current in the cortex. The motor hotspot for the right FDI was determined within the
left motor cortex and defined as the location that elicited consistent MEPs. The motor hotspot was
digitally registered using Brainsight Neuronavigation (Rogue Research, Canada). All dependent
measures were obtained from the right FDI. Resting motor threshold (RMT) and AMT were first
acquired. RMT was defined as the lowest intensity required to evoke a MEP > 50 pV in 5 out of
10 consecutive trials in the relaxed FDI muscle (Rossi et al., 2009). AMT was defined as the lowest
intensity required to evoke a MEP > 200 pV in 5 out of 10 consecutive trials while participants

maintained ~10% MVC in their FDI (Rossi et al., 2009).
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MEP recruitment curves were obtained at rest by delivering seven TMS pulses at 90 — 200% RMT
in 10% increments in a randomized order (84 pulses total). SICI was tested using paired-pulse
TMS at an interstimulus interval of 2 ms between the conditioning stimulus (CS) and test stimulus
(TS). Two CS intensities (80% and 90% AMT) were tested, and the TS was set to evoke MEPs
with peak-to-peak amplitudes of ~1 mV in the right FDI rest. For each CS intensity, twenty
samples were acquired whereby equal numbers of unconditioned (10 MEP+s) and conditioned (10

MEPcs.ts) trials were randomly delivered.

Hormone, Cortisol, and BDNF Analyses

Fasted blood was collected at TO using red top BD Vacutainer® collection tubes (BD and
Company, Frankin Lakes, NJ, USA). Tubes were left to clot at room temperature for ~50 minutes
and subsequently centrifuged at 4000 r.p.m. for 10 minutes at 4°C. The supernatant was aliquoted
into vials and stored at -80°C. Saliva samples were obtained using Salivettes (Sarstedt, Nlimbrecht,
Germany) and centrifuged at 4000 r.p.m. for 10 minutes and stored at -80°C. The Hamilton
Regional Medicine Program Core Laboratory quantified serum estradiol and progesterone levels
using chemiluminescent microparticle immunoassay (Abbott Architect, Abbott Laboratories,
Chicago, USA), serum testosterone using a chemiluminescent enzyme immunoassay (Immulite
2000; Siemens, Erlangen, Germany), and salivary cortisol using the Cortisol ELISA Kit (Enzo
Life Sciences, New York, USA). Serum BDNF was analyzed using human BDNF DuoSet ELISA

kit (R&D Systems, Minneapolis, USA).
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Data Analyses

All MEP and SICI trials were assessed for background muscle activity. Trials were excluded if the
EMG activity 20 ms immediately before the TMS stimulus artifact exceeded two times the EMG
activity in a 20 ms window at the beginning of the trial. The mean peak-to-peak MEP amplitude
at each intensity (90 — 200% RMT) of the recruitment curve was calculated by averaging the seven
trials at each intensity. MEP recruitment curves were fitted to a Boltzmann sigmoid function
(Thirugnanasambandam et al., 2015; van Kuijk et al., 2009), and all further analyses were
conducted on the fitted curves. The Area Under the fitted Recruitment Curve (AURC) was
obtained by trapezoidal integration 25% above and below the inflection point. SICI was assessed
by calculating the peak-to-peak amplitude of the unconditioned (MEP+s) and conditioned (MEPcs-
1s) MEP at each CS intensity. The percentage of inhibition was calculated as the ratio of the
conditioned over unconditioned MEP (MEPcs.-1s/MEPTs). AURC and SICI were normalized to M-
Max (i.e. AURC/M-Max, SICI/M-Max) at TO and T1 to account for altered electrode conductance

following the exercise (Abdoli-Eramaki et al., 2012). Percent change (across time) was calculated

(T1-TO)

for all dependent measures using the following formula: ( )x100. Female data was

organized into the appropriate phase (i.e. follicular, luteal). For each male participant, the data was
organized to replicate the order of testing performed by their female match (i.e. follicular-match,

luteal-match).

Group-level analyses included normality testing using the Shapiro-Wilk’s test. Outliers were
identified using IBM SPSS Software as data points 3 times above or below the interquartile range
and were removed from further analyses (indicated in tables). Non-normally distributed data were

10g10 or square root transformed and assessed using parametric statistics. If these transformations
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did not normalize the data, the data was ranked and assessed using a Conover’s ANOVA (Conover
and Iman, 1981). All data transformations are indicated in the tables. Post-hoc tests included
Tukey’s honestly significant difference test for normally distributed data and Wilcoxon Signed-
Rank and Mann-Whitney U tests for non-normally distributed data. Correlational analyses were
run using Pearson’s r for normally distributed data and Spearman’s rho for non-normally
distributed data. The significance level was set to p < 0.05, and effect sizes were calculated using

Hedge’s g.

For AURC and SICI, data from males and females were analyzed separately using a two-way
repeated-measures ANOVA with within-subject factors of PHASE (2 levels: Females: Follicular,
Luteal; Males: Follicular-Match, Luteal-Match) and TIME (2 levels: TO, T1). If there was no effect
of PHASE, the effects of TIME (i.e. exercise) were analyzed using a two-tailed paired t-test or
Wilcoxon Signed Rank Test. Sexes were analyzed separately for AURC as baseline AURC, was
higher in males compared to females, although this did not reach significance. Further, changes in
SICI were for each sex were assessed separately as females have been shown to have greater SICI
compared to males (Shibuya et al., 2016). RMT, AMT, M-Max, and salivary cortisol were assessed
using three-way mixed ANOVAs with between-subjects factor SEX (2 levels: Male, Female) and
within-subject factors of PHASE (2 levels: Females: Follicular, Luteal; Males: Follicular-Match,
Luteal-Match) and TIME (2 levels: TO, T1). Estradiol, progesterone, testosterone, serum BDNF,
and EMGexercise Were assessed using a two-way mixed ANOVA with between-subject factor SEX
(2 levels: Male, Female) and within-subject factor PHASE (2 levels: Females: Follicular, Luteal,

Males: Follicular-Match, Luteal-Match).
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Results

All participants successfully completed the study. Descriptive characteristics for participants are
presented in Table 1. Males and females were matched for cardiorespiratory fitness (unpaired t-
test: p = 0.489). Females were tested on days 7.8 + 2.1 (follicular) and 21.7 + 5.6 (luteal) of their
cycle. The two sessions were separated by 16.2 + 8.5 days for females and 15.2 + 6.6 days for
males (Mann Whitney: p = 0.349). Physical activity levels, assessed via IPAQ, did not differ
between the two experimental sessions for either sex (F26 = 0.881, p = 0.356). Hormone and
serum BDNF levels are provided in Table 2. The estradiol to progesterone ratio (E:P) in females
was higher in the follicular phase compared to the luteal phase of the menstrual cycle (Tukey’s: p
<0.001). There was a trend towards greater serum BDNF in females in the luteal phase compared
to the follicular phase (Tukey’s: p = 0.057; Figure 2). Previous reports also show greater plasma
BDNF levels in the luteal phase compared to the follicular phase (Begliuomini et al., 2007,
Cubeddu et al., 2011; Pluchino et al., 2009). The lack of a significant effect in this work may be
due to low sample size (n = 14 per group). A power calculation from previous work with similar
effect sizes (0.74 in Pluchino et al., 2009 vs. 0.64 in this work) suggests a sample size of 17
participants is needed to show a significant finding. BDNF levels were not different between
sessions for males (Tukey’s: p=0.112; Figure 2). Serum BDNF levels in females at each menstrual
cycle phase were not different from levels in males (averaged over both sessions) (Follicular vs.
Males: p = 0.1924; Luteal vs. Males: p = 0.6107). Serum BDNF levels (averaged over both
sessions) were not correlated with fitness level for either sex (Pearson’s: Females: r = -0.029, p =
0.934; Males: r = -0.217, p = 0.476) or with progesterone (Spearman’s: r = 0.227, p = 0.266) or

estradiol in females (Spearman’s: r = 0.228, p = 0.262).
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Exercise details are presented in Table 3. All participants performed the exercise intervention at
~68% of their maximal heart rate during both sessions (p = 0.428). RPE and EMGexercise Were
similar across all sessions for both sexes (p = 0.428 and p = 0.290, respectively). Cortisol levels

decreased following exercise (paired t-test: p < 0.01).

Motor Thresholds and M-Max

For RMT, three-way ANOVA revealed a TIME*SEX interaction (F,26) = 7.099, p = 0.013) such
that males had lower RMT at TO compared to females (Tukey’s: p < 0.0001). Further, RMT
decreased in males following exercise (Tukey’s: p = 0.015), although the effect was small (g =
0.26). RMT was unchanged following exercise in females (Tukey’s: p = 0.566). For AMT, three-
way ANOVA revealed a main effect of TIME (F,25) = 5.465, p = 0.028) such that AMT decreased
following exercise (paired t-test: p = 0.024, g = 0.24). Due to the small effect sizes, it is more
appropriate to conclude that the change in RMT and AMT following exercise was negligible
(Sullivan and Feinn, 2012). A three-way ANOVA on M-Max revealed no significant main effects

or interactions (Table 4).

MEP Recruitment Curves

Group-averaged MEP recruitment curves normalized to M-Max (with standard error) for females
are shown in Figure 3A. The shaded area indicates 25% above and below the point of inflection,
from which AURC was obtained (120 — 147% RMT). Two-way ANOVA revealed a main effect
of TIME (F,13) = 6.851, p = 0.021) such that corticospinal excitability was greater at T1 compared

to TO (Wilcoxon signed-rank: p < 0.001; Figure 3B, right). Individual data are shown in Figure 3C
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and indicate an increase AURC in 10 (asterisks) females, a decrease in 3, and no change in 1
female. The relationship between change in corticospinal excitability and BDNF is plotted in
Figure 3D and shows that serum BDNF levels were correlated with percent change in corticospinal
excitability (Pearson’s: r = 0.559, p = 0.047), such that higher serum BDNF levels were associated
with a greater percent change in AURC. Percent change in AURC was not correlated with fitness
level (Pearson’s: r = -0.109, p = 0.710) or percent change in cortisol (Pearson’s: r = -0.179, p =

0.540).

Group-averaged MEP recruitment curves normalized to M-Max (with standard error) for males
are shown in Figure 4A. The shaded area indicates 25% above and below the point of inflection,
from which AURC was obtained (118 — 144% RMT). Two-way ANOVA revealed no main effects
or interactions (Table 5; Figure 4B). AURC was then averaged across the two sessions and
revealed no difference between TO and T1 (Wilcoxon signed-rank: p = 0.198). Individual data are
shown in Figure 4C and show variable responses following exercise (increase in 5 males, a
decrease in 2, no change in 7). Percent change in AURC was not correlated with serum BDNF
(Figure 4D; Pearson’s: r = -0.108, p = 0.725), fitness level (Pearson’s: r = -0.220, p = 0.450), or

percent change in cortisol (Pearson’s: r = 0.372, p = 0.190).

Short Interval Intracortical Inhibition
Unconditioned MEPs (MEP+s) were maintained at ~1 mV for SICI at each CS intensity (Table 5,
TS —SIClgo and TS — SIClg). The depth of SICI at 90% AMT was greater than that at 80% AMT

(F(1,23) = 9.340, p = 0.006), and so SIClgo and SIClgo were analyzed separately. In females, a two-
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way ANOVA revealed no main effects or interactions for SIClgg or SIClgo (Figures 5Ai and 4Aii,
respectively). Individual data are plotted in Figure 5B. SIClgo (Figure 5B left) was reduced in 7
(asterisks), increased in 3, and did not change in 2 females. SIClgo (Figure 5B right) was reduced
in 5 (asterisks), increased in 3, and did not change in 3 females. In males, two-way ANOVAs
revealed no main effects or interactions for SIClgo or SIClgo (Figures 6Ai and 5Aii, respectively).
Individual data are plotted in Figure 6B. SIClgo (Figure 6B left) was reduced in 8 (asterisks),
increased in 3, and did not change in 3 males. SIClgo (Figure 6B right) was reduced in 8 (asterisks),

increased in 4, and did not change in 2 males.

Discussion

The present study examined the effects of biological sex and ovarian hormones on neuroplasticity
induced by a single session of exercise. We report novel findings indicating that only females
demonstrated a significant increase in corticospinal excitability following exercise, and these
changes were related to baseline levels of serum BDNF. Further, this increase was observed in
both the follicular and luteal phases of the menstrual cycle. Males did not show a significant
increase in corticospinal excitability following exercise. SICI was not changed by exercise in either

sex. We discuss these findings and their implications below.

Increases in Corticospinal Excitability in Females

In this study, we observed a significant increase in corticospinal excitability in females (~33%
increase in AURC), but not males (~15% increase in AURC). Observations of greater acute
neuroplasticity in females are reported elsewhere (see review Ridding and Ziemann, 2010), but

not consistently (Gorbet and Staines, 2011). Previous neurophysiology research shows a similar

38



M.Sc. Thesis — J. EI-Sayes; McMaster University — Kinesiology

trend, such that cathodal transcranial direct current stimulation (tDCS) reduces MEPs by ~20% in
females but not in males (Kuo et al., 2006). Further, anodal tDCS increases visual evoked

potentials in females but not males (Chaieb et al., 2008).

The explanation for the difference in MEP response between sexes is unclear, however we suggest
three potential factors may contribute. First, peripheral BDNF protein increases following exercise
(see review Huang et al., 2014) and is thought to mediate exercise-induced neuroplasticity
(Cotman et al., 2007). BDNF augments the amplitude and frequency of excitatory post-synaptic
currents (Carmignoto et al., 1997; Lessmann et al., 1994; Levine et al., 1995). The differential
effects of exercise on BDNF between sexes has not been directly investigated. However, exercise-
induced increases in peripheral BDNF have been observed in both males and females (see review
Huang et al., 2014). Here, we show that greater levels of serum BDNF in females are associated
with greater percent change in AURC (from TO to T1). However, despite no differences in serum
BDNF between sexes, males did not show this association. The relationship between BDNF levels
and excitability may be due to females having higher brain levels of BDNF expression compared
to males (Michalski et al., 2015). As such, BDNF may be a potential mediator of acute exercise-

induced increases in corticospinal excitability in females only.

Second, BDNF promotes differentiation of serotonergic and dopaminergic neurons and increases
serotonin and dopamine release (Altar et al., 1992; Martinowich and Lu, 2008; Studer et al., 1996).
As such, greater BDNF levels in females may promote increased serotonin and dopamine

concentration in females compared to males (Laakso et al., 2002; Ortiz et al., 1988; Weiss et al.,
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2005). These neurotransmitter levels increase following acute exercise (Gomez-Merino et al.,
2001; Kitaoka et al., 2010; Meeusen et al., 1997), and may mediate increases in MEPs. Serotonin
promotes facilitation in the motor cortex, as the effects of excitatory paired associated stimulation
(PAS) are enhanced by the administration of a serotonin reuptake inhibitor (Batsikadze et al.,
2013). Further, serotonin receptor activity facilitates activation of tropomyosin-related kinase B,
the BDNF receptor, and increases BDNF mRNA transcription (Homberg et al., 2014; Martinowich
and Lu, 2008). Dopamine promotes motor cortex plasticity (Rioult-Pedotti et al., 2015), and an
increase in D2 receptor activity elevates spike firing rate in pyramidal neurons (Vitrac et al., 2014).
Dopamine and BDNF also share a common pathway (i.e. activating phospholipase C), thereby
increasing excitability through similar mechanisms (Vitrac and Benoit-Marand, 2017). Therefore,
although males may also show increased serotonin and dopamine following exercise, this increase
may not be sufficient to result in an increase in MEPS due to lower baseline levels of serotonin and

dopamine.

Third, estradiol reduces the firing threshold of neurons and enhances glutamatergic
neurotransmission (Finocchi and Ferrari, 2011; Grassi et al., 2010). Further, estradiol reduces the
activity of GABAA receptors, thereby increasing the excitability of pyramidal neurons (Murphy et
al., 1998). This increase in pyramidal neuron excitability also results in increased levels of activity-
dependent BDNF (Scharfman and MacLusky, 2006, 2005). BDNF expression is also enhanced by
estradiol, as the BDNF gene contains an estrogen-like response element (Scharfman and
MacLusky, 2006, 2005). Although we did not show a correlation between estradiol and serum
BDNF, estradiol and plasma BDNF levels are positively correlated (Begliuomini et al., 2007).

Last, estrogen and BDNF facilitate excitability through common signaling pathways (Scharfman
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and MacLusky, 2006). Therefore, the presence of high estradiol levels in females may allow for

BDNF-induced increases in MEPs post-exercise.

We exclude cortisol as a mediator of the increase in MEPs observed following exercise. Cortisol
enhances GABAergic neurotransmission (Di et al., 2009), reduces glutamatergic
neurotransmission (Di et al., 2009), and abolishes MEP facilitation following excitatory paired
associative stimulation (Sale et al., 2008). We observed a reduction in cortisol following exercise,
as seen elsewhere (Heaney et al., 2013; Ida et al., 2013; Park et al., 2018). However, despite a
reduction in cortisol in both sexes, we only observed an increase in MEPs in females. Therefore,
it is unlikely that exercise-induced reductions in cortisol mediated the increases in MEPs. Further,
the change in corticospinal excitability is not associated with the change in cortisol in either sex,
suggesting that the increase in excitability observed in females is not mediated by reductions in
cortisol. Last, it is important to note that the reductions in cortisol we observed may not be solely
due to the exercise intervention. In the present and previous studies (Heaney et al., 2013; Park et
al., 2018), participants were tested in the morning which is the time of greatest reduction in cortisol

due to circadian rhythm (Pluchino et al., 2009).

Sex Differences in RMT

We observed greater RMT in females at baseline (i.e. pre-exercise) compared to males. Previous
work has shown no difference in RMT between sexes (Livingston et al., 2010; Pitcher et al., 2003;
Shibuya et al., 2016; Zoghi et al., 2015). This discrepancy may be due to our participant sampling.

Our males and females were tightly age- and fitness-matched. Comparatively, other studies
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recruited participants from a larger age range and did not assess or match for fitness level
(Livingston et al., 2010; Pitcher et al., 2003; Shibuya et al., 2016; Zoghi et al., 2015). This lack of

consistency between studies may explain our observation of RMT differences between sexes.

Change in RMT and AMT

Previous work has shown no change in RMT (Garnier et al., 2017; Lulic et al., 2017; Singh et al.,
2014; Smith et al., 2014) or AMT (Lulic et al., 2017) following exercise. Although we observed
reductions in RMT in males and in AMT in both sexes following exercise, the effect sizes were
very small, suggesting that they are negligible (Sullivan and Feinn, 2012). Effect sizes are an
important consideration, as they indicate the magnitude of difference between groups or time-
points (Sullivan and Feinn, 2012). The effect sizes for reductions in RMT and AMT were g = 0.26
and 0.24, respectively, which is considered a small effect (Cohen, 1988). Further, RMT and AMT
were reduced by 1% and 0.5% maximum stimulator output following exercise, respectively.
Previous work has shown that the within-subject variability of motor thresholds is 8.5% of motor
threshold (Tranulis et al., 2006), indicating that the exercise likely did not significantly reduce

RMT and AMT. Rather, the change we observe is simply due to variability during data acquisition.

No Exercise-Induced Change in SICI

SICI did not change following aerobic exercise, similar to results reported elsewhere (Mooney et
al., 2016) but dissimilar to the reduction in SICI frequently shown (Lulic et al., 2017; Singh et al.,
2014; Smith et al., 2014; Stavrinos and Coxon, 2017). Discrepancies between studies may result

from the different fitness levels of the participant cohorts. The present study and Mooney et al.
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(2016) recruited recreationally active individuals, assessed via VOgpeak, and both studies
demonstrated no changes in SICI. Comparatively, other studies (Singh et al., 2014; Smith et al.,
2014; Stavrinos and Coxon, 2017) tested low to moderately active individuals (defined by IPAQ)
and demonstrated reductions in SICI. Therefore, acute exercise does not appear to modulate SICI
in individuals with higher cardiorespiratory fitness. Individuals with higher cardiorespiratory
fitness may have differences in GABA concentrations or GABA receptor function compared to

individuals with lower cardiorespiratory fitness, but this remains to be investigated.

Limitations & Future Considerations

In females, we observed an increase in the neuronal output to a hand muscle following exercise,
the goal of some rehabilitation approaches. Comparatively, males did not show this increase. In
this study, BDNF was not assessed post-exercise, limiting our ability to determine the role of
BDNF in mediating the exercise-induced changes observed here. We did not assess BDNF post-
exercise due to the high variability of the measure. However, future research may benefit from
relating the exercise-induced changes in BDNF to changes in TMS measures. Further, although it
has been suggested that peripheral BDNF levels may reflect brain BDNF levels (Krabbe et al.,
2007), this remains unclear. BDNF is synthesized in both in the periphery (Wang et al., 2006) and
in the central nervous system (Fujimura et al., 2002; Pan et al., 1998), but can only be obtained in
vivo peripherally. BDNF is stored in platelets (Fujimura et al., 2002), and the analysis of BDNF
levels is impacted by the completeness of blood clotting and the plasma isolation protocol
(Fujimura et al., 2002). Further, ELISA kits used to analyze BDNF levels are susceptible to
artifacts due to low specificity of BDNF antibodies and the presence of BDNF binding protein in

the blood (Skornicka et al., 2002). Therefore, due to these confounding factors it remains unclear
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if obtained peripheral BDNF levels are a true reflection of brain BDNF. This work only
investigated females at two points of the menstrual cycle (mid-follicular and mid-luteal).
Therefore, it remains unclear if acute exercise will induce comparable neuroplasticity at other
points of the cycle (e.g. during menstruation when both estradiol and progesterone levels are low).
Finally, it is important to note that these data were obtained in healthy, active, young adults and so
is limited in generalizability to this population. Further work is needed to establish if these findings

extend to aging or clinical populations.

Conclusion

The present study demonstrated that biological sex impacts the propensity for exercise-induced
neuroplasticity. Corticospinal excitability was increased following exercise in females only, and
this increase was positively associated with levels of serum BDNF. The present work also shows
that changes in ovarian hormones across the menstrual cycle do not modulate exercise-induced
neuroplasticity. Therefore, it is important to consider biological sex when investigating

neuroplasticity induction following acute exercise.
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Tables and Figures

Table 1: Descriptive Characteristics of Participants.

Male Female p-value
Age (years) 21 +2 21+ 2 p=0.412*
Height (cm) 178 +7 1637 p =0.000
Weight (kg) 70+ 8 59+7 p =0.010
FFM (kg) 636 44 +5 p =0.000
Body fat (%) 11+5 26+ 5 p = 0.000
VO,peak (ml/kg/min) 50+ 6 43+6 p = 0.046
VVO,peak (ml/kgFFM/min) 56 £ 7 58+7 p =0.395
Data are means + SD. Males: n = 14; Females: n = 14; FFM: fat-free mass; VO.peak:
cardiorespiratory fitness. * indicates Mann-Whitney U. Bold values indicate significantly different than
males.
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Table 2: Hormones and Brain-Derived Neurotrophic Factor Levels Across Sessions in Both

Sexes

Males

Females

Follicular-Match

Luteal-Match

Follicular

Luteal

ANOVA

Estradiol
(pmol/L)

123+ 35

112 + 36

157 £ 63

575 + 207

Ranked (N = 27)

PHASE 1,25 = 21.951, p = 0.000

SEX(1,25) = 37.303, p = 0.000
PHASE*SEX1,25= 29.926, p = 0.000

F: Follicular < Luteal p = 0.001 (Wilcoxon),
g=264

M: Follicular-Match vs Luteal-Match p =
0.414 (Wilcoxon)

Progesterone
(nmol/L)

1.1+04

1.1+05

09+0.4

26 £19

Ranked (N = 27)

PHASE 1,25 = 17.265, p = 0.000

SEXq,25) = 3.119, p = 0.090
PHASE*SEX1,25= 27.818, p = 0.000

F: Follicular < Luteal p = 0.001 (Wilcoxon),
g=181

M: Follicular-Match vs Luteal-Match p =
0.528 (Wilcoxon)

E:P
(pmol/nmol)

120+ 50

113+50

192+91

83+121

Square root transformed (N = 27)

PHASE (1,25 = 12.434, p = 0.002

SEX(,25 = 0.046, p = 0.831
PHASE*SEX(1,25= 11.313, p = 0.002;

F: Follicular > Luteal p < 0.0001 (Tukey’s),
g=0.99

M: Follicular-Match vs Luteal-Match p =
0.911 (Tukey’s)

Testosterone
(nmol/L)

19.0+4.9

176 £5.7

11+04

1.3+0.7

Ranked (N = 27)

PHASE (.25 = 0.32, p = 0.860

SEX(1,25) = 89.844, p = 0.000

M > F p = 0.000 (Mann-Whitney), g = 5.82
PHASE*SEX(1,25= 0.749, p = 0.395

Serum BDNF
(ng/mL)

Average of
sessions

30.8+10

259+6.9

240+8.6

300+8.4

28.3+838

27.0+8.38

N =26 (1 female outlier)

PHASE(1,24) = 0.061, p = 0.806
SEX@,24y=0.271, p = 0.608
PHASE*SEX(1,24= 6.635, p = 0.017

F: Luteal > Follicular p = 0.057 (Tukey’s),
g=0.68

M: Follicular-Match vs Luteal-Match p =
0.112 (Tukey’s)

Data are means + SD. Testing order in males matched to that of females. N = 13 for males (blood could not be acquired from 1 male). g —
Hedge’s g effect size. E:P — estradiol:progesterone ratio; BDNF: Brain-derived neurotrophic factor; M: Male; F: Female. Bold values
indicate significance.
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Table 3: Exercise Details Across Sessions in Both Sexes

Males

Females

Follicular-
Match

Luteal-
Match

Follicular

Luteal

ANOVA

Heart rate
(bpm)

126+ 8

127 +8

129+ 11

130+ 11

Ranked (N = 28)

PHASE1,26) = 1.322, p = 0.261
SEX(1,26) = 1.006, p = 0.325
PHASE*SEX(.26= 0.022, p = 0.883

% HRmax

67.3+3.0

67.7+2.1

68.4+4.0

68.9+3.2

N=28

PHASE (126 = 0.917, p = 0.347

SEX (.26 = 0974, p = 0.333
PHASE*SEX1.26= 0.020, p = 0.889

RPE
(0-10)

27%09

3.0+£09

25+0.7

26+0.7

N =28

PHASE(1,26 = 1.013, p = 0.323
SEX1.26) = 1.325, p = 0.260
PHASE*SEX(1,26= 0.650, p = 0.428

EMGexercise

73.0+11.7

63.7+£29.0

68.9+8.7

73.2+31

Ranked (N = 27)

PHASE 1,25 = 0.177, p = 0.677
SEX(,25) = 0.054, p = 0.818
PHASE*SEX(1,25 = 1.168, p = 0.290

TO

50%+29

45+28

40+34

25+1.7

Cortisol
(nmol/L)

T1

42+25

3.6+2.2

3.5+37

22+1.8

Log transformed (N = 28)

PHASE(126) = 2.152, p = 0.154

TIMEq,26) = 24.273, p = 0.000,

TO>T1 p=0.000 (Wilcoxon), g=0.51
SEX(1.26) = 3.393, p = 0.007
PHASE*SEX126= 0.207, p = 0.653
TIME*SEX(126)= 1.009, p = 0.324
PHASE*TIME,26= 0.334, p = 0.568
PHASE*TIME*SEX,26= 0.599, p = 0.446

Data are means * SD. Testing order in males matched to that of females. g — Hedge'’s g effect size. % HRmax: percent of
maximum heart rate; RPE: ratings of perceived exertion. EMGeyercise: level of EMG activity from FDI during exercise; TO:

pre-exercise; T1: post-exercise. Bold values indicate significance.
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Table 4: RMT, AMT, and M-Max Across Sessions in Both Sexes

Males Females
Follicular-Match Luteal-Match Follicular Luteal
ANOVA
TO T1 TO T1 TO T1 TO T1
Log transformed (N = 28)
PHASE@,26) = 0.722, p = 0.403
TIME@,26) = 2.450, p = 0.130
SEX(1,26) = 2.900, p = 0.100
RMT# 374+ 358+ 374+ 36.3+ | 401+ | 404+ 40.7 = 41.1+ | PHASE*SEX(1,26) = 0.003, p = 0.955
5.0 4.6 5.4 49 6.9 6.5 1.7 8.3 TIME*SEX(,26) = 7.099, p = 0.013
M: TO > T1 p = 0.015 (Tukey’s), g = 0.26
TO: F>M: p <0.0001 (Tukey’s), g = 0.49
PHASE*TIME,26) = 0.064, p = 0.802
PHASE*TIME*SEX 1,2 = 0.100, p = 0.755
N =27 (1 female outlier)
PHASE1,25) = 0.166, p = 0.687
TIME,25 = 5.465, p=0.028 TO> T1: p =
279+ | 269+ | 259+ | 251+ | 209+ | 205+ | 206+ | 206+ | 2024 (paired t-test), g =0.24
AMT 30 39 1 69 v 62 4 3 | SEXu29=1643,p=0212
: : : ’ ' : ' ’ PHASE*SEX(1,25) = 1.284, p = 0.268
TIME*SEX(1,25 = 0.099, p = 0.756
PHASE*TIME 1,25 = 0.598, p = 0.447
PHASE*TIME*SEX(,25 = 0.007, p = 0.935
Ranked (N = 28)
PHASE(1,26) = 1.790, p = 0.192
TIMEq,26) = 2.853, p = 0.103
M-Max* 119+ | 106+ | 116+ | 108+ | 125+ | 122+ | 13.1+ | 124+ | SEX(2) =0.513, p=0.480
4.7 4.6 4.7 5.0 3.1 3.4 3.6 3.7 PHASE*SEX(1,26) = 0.573, p = 0.456
TIME*SEX1.26) = 0.051, p = 0.822
PHASE*TIME 126 = 0.176, p = 0.678
PHASE*TIME*SEX 1,26 = 2.057, p = 0.163

Data are means = SD. Testing order in males matched to that of females. g — Hedge’s g effect size; RMT: Resting Motor Threshold; AMT: Active
Motor Threshold; TO: pre-exercise; T1: post-exercise. Bold values indicate significance.
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Table 5: Statistical Outcomes of AURC and SICI (each normalized to M-Max)

Dependent ANOVA
Measure Females Males
Log transformed (N = 14) Log transformed (N = 14)
PHASE(1,13 = 0.061, p = 0.383 PHASE 1,13 = 0.581, p = 0.459
TIME@,13) = 6.851, p=0.021 TIME(1,13 = 0.141, p =0.713
AURC PHASE*TIME 4,13 = 1.696, p = 0.215 PHASE*TIME 13 = 0.316, p = 0.583
T1>TO: p =0.009 (Wilcoxon), g =0.42 T1>TO0: p=0.198 (Wilcoxon)
T0:2.23 +£1.19 T1: 3.04 + 2.35 (averaged over TO0:2.97 £1.68 T1: 3.38 = 2.00 (averaged over
phase) sessions)
N = 12, technical error in acquisition from 2 N =14
females N _ _
TS—SIClg | PHASE( 11 = 1.072, p = 0.323 PHASEq.15 =0.137,p=0.718
_ _ TIME @113 = 1.299, p=0.275
TIMEq1y =1.212, p = 0.294 PHASE*TIME( 13 = 0.040, p = 0.845
PHASE*TIME 11 = 0.418, p = 0.531 (1,13) = LEH '
N =11, technical error in acquisition from 3 _
females N = 14
TS—SIClw | PHASEq 10 = 0.027, p = 0.872 PHASE.19 = 1.501, p = 0.242
- _ TIME(1,13 = 0.022, p = 0.885
TIMEq.19 = 0.003, p = 0.958 PHASE*TIME .15 = 0.001, p = 0.980
PHASE*TIME 110 = 1.945, p = 0.193 a1y = LLUL P =1
f'\én:qaﬁé technical error in acquisition from 2 Square root transformed (N = 14)
PHASE(1.11) = 0.200, p = 0.633 PHASE.19 = 1324, p = 0.271
_ _ TIME 1,13 = 1.127, p = 0.308
TIMEq.1y =0.001, p =0.084 PHASE*TIME (13 = 3.251, p = 0.095
SIClsgo PHASE*TIME (1,12 = 0.119, p = 0.736 (118 = 2295 :
o . TOvs T1: p=0.177 (Wilcoxon)
TOvs T1: p =0.084 (paired t-test) . .
T0: 0.07 + 0.03 T1: 0.08 + 0.02 (averaged over T0:0.08 £0.05 T1: 0.09 £ 0.05 (averaged over
sessions)
phase)
f,\elznzqallié technical error in acquisition from 3 Log transformed (N = 14)
PHASE .10 = 0.010, p = 0.922 PHASE(LB_) =1.268, p= 0.281
2 v TIME(1,13 = 3.181, p = 0.098
TIME(1,10)= 0.681, p = 0.428 PHASE*TIME 113 = 0.089, p = 0.770
SIClg PHASE*TIME( 10) = 0.041, p = 0.844 (.13 =9.90%, P =1,
. TOvs T1: p =0.158 (Wilcoxon)
TOvs T1: p =0.428 (paired t-test) . .
T0: 0.06 % 0.02 T1: 0.07 + 0.02 (averaged over TO: _0.06 +0.03 T1: 0.08 £ 0.04 (averaged over
sessions)
phase)
Data are means = SD. Testing order in males matched to that of females. g —Hedge’s g effect size. AURC: Area Under
the Recruitment Curve; TS: Testing Stimulus; SICI: Short-Interval Intracortical Inhibition; TO: pre-exercise; T1: post-
exercise; Bold values indicate significance.
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Figure 1
Blood
Measures Cortisol Cortisol
Acute Exercise Intervention
M-Max T _ _ T M-Max
RMT 20 min cycling RMT
AMT 5 min ﬁ j" ' 5 min n:igs AMT
MEP RC warm ¥z cool » MEPRC
sICl up ) down sICl
.‘-"—’_—""
| | | | | | | | | |
- T0 ¥ I I I I I T

Figure 1: Experimental Timeline. Sessions 2 and 3 were identical. Blood measures were

obtained at TO to determine levels of sex hormones and brain-derived neurotrophic factor.

Dependent measures were acquired before (T0) and 10 minutes following the exercise intervention

(T1). Dependent measures included maximum M wave (M-Max), resting motor threshold (RMT),

active motor threshold (AMT), motor evoked potential (MEP) recruitment curves (RC), and short

interval intracortical inhibition (SICI). The acute exercise protocol was 30 minutes in total,

including a 5-minute warm up and 5-minute cool down. During the 20-minute intervention,

participants cycled at 65-70% of their maximum heart rate (i.e. moderate intensity). Rating of

Perceived Exertion (RPE) was obtained every 2 minutes of the 20-minute intervention (indicated

by tick marks).
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Figure 2: Serum BDNF Levels: Trend towards greater serum BDNF levels in the luteal phase
compared to the follicular phase (Tukey’s: p=0.057). BDNF levels are greater in the luteal phase
in 6 females, with 4 females showing greater BDNF in the follicular phase and 2 females showing
similar levels in both phases. Males did not show a significant difference between BDNF levels
across sessions (Tukey’s: p=0.112). BDNF levels were similar in both sessions in 8 males, with

5 males showing greater BDNF levels in Follicular-Match compared to Luteal-Match.
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Figure 3: MEP Recruitment Curves in Females. A) MEP recruitment curves show the MEP
amplitude normalized to M-Max plotted against TMS intensity expressed as a percentage of RMT.
Black lines indicate the follicular phase, grey lines indicate the luteal phase. Solid lines and filled
symbols are pre-exercise (T0) and dashed lines and open symbols are post-exercise (T1). Shaded
area indicates 25% above and below the point of inflection, from which AURC was obtained. B)
AURC normalized to M-max increased post-exercise (T1), regardless of menstrual cycle phase.
C) Individual data showing an increase in AURC in 10 females (asterisks), a decrease in 3, and no
change in 1. D) Significant positive correlation between average serum BDNF and average percent
change in AURC. TO (pre-exercise): white bars; T1 (post-exercise): gray bars. Asterisks indicate

a significance of p < 0.05
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Figure 4: MEP Recruitment Curves in Males. Testing order in males was matched to that of
females. A) MEP recruitment curves show the MEP amplitude normalized to M-Max plotted
against TMS intensity expressed as a percentage of RMT. Black lines indicate Follicular-Match,
grey lines indicate Luteal-Match. Solid lines and filled symbols are pre-exercise (T0) and dashed
lines and open symbols are post-exercise (T1). Shaded area indicates 25% above and below the
point of inflection, from which AURC was obtained. B) AURC normalized to M-max does not
change post-exercise (T1). C) Individual data showing an increase in AURC in 5 males (asterisks),
a decrease in 2, and no change in 7. D) No correlation between average serum BDNF and average
percent change in AURC. TO (pre-exercise): white bars; T1 (post-exercise): gray bars. Asterisks

indicate a significance of p < 0.05
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Figure 5: SIClso and SIClg in Females. A) Two-way ANOVA in females revealed no main
effects or interactions for: i) SIClgo or ii) SIClgo normalized to M-max. B) Individual data for
SIClgo (left) and SIClgo (right). SIClgo was reduced in 7 (asterisks), increased in 3, and did not
change in 2 females. SIClg was reduced in 5 (asterisks), increased in 3, and did not change in 3

females. TO (pre-exercise): white bars; T1 (post-exercise): gray bars.
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Figure 6: SIClso and SIClg in Males: A) Two-way ANOVA in males revealed no main effects
or interactions for: i) SIClgo or ii) SIClgo normalized to M-max. B) Individual data for SIClgo (left)
and SIClgo (right). SIClgo was reduced in 8 (asterisks), increased in 3, and did not change in 3
males. SIClgo was reduced in 8 (asterisks), increased in 4, and did not change in 2 males. TO (pre-

exercise): white bars; T1 (post-exercise): gray bars.
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Chapter 5: General Discussion and Conclusions
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This thesis explored the effects of biological sex and ovarian hormones on neuroplasticity induced
by a single session of aerobic exercise. The research assessed changes in excitation and inhibition
in the primary motor cortex in males and females following acute aerobic exercise. Further, the
effects of ovarian hormones were investigated by testing females at different points of the
menstrual cycle. The findings from the research show that corticospinal excitability was enhanced
following exercise in females but not males. This increase in corticospinal excitability was
observed regardless of menstrual cycle phase. Further, the percent change in corticospinal
excitability in females was associated with serum BDNF such that greater levels of BDNF were
related to a greater percent change in corticospinal excitability. Last, there was a trend toward
greater BDNF levels in females in the luteal phase compared to the follicular phase. Thus, this
thesis revealed that biological sex, but not ovarian hormones, is an important factor that impacts

the propensity for exercise-induced neuroplasticity.

Limitations

The findings presented here are limited to the effects of moderate intensity continuous exercise.
Other acute exercise protocols may yield different findings. For example, high intensity exercise
will likely reveal a different outcome, as it increases cortisol (Hill et al., 2008), which reduces
excitability (Di et al., 2009; Sale et al., 2008), compared to the decrease in cortisol observed in this
work. Therefore, high intensity exercise may not result in the increase in corticospinal excitability
we observed in this work. Similarly, in this work, we did not observe an exercise-induced increase
in corticospinal excitability in males. However, other exercise protocols may provide a more ideal
stimulus to show this effect in males, and this would be an interesting and important follow-up to

this thesis.
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The conclusions from this thesis are based on specific dependent measures acquired via TMS. We
investigated corticospinal excitability through MEPs and GABAAa-mediated cortical inhibition
through SICI. We observed an effect of sex but not ovarian hormones on neuroplasticity induction.
Specifically, only females showed an increase in corticospinal excitability following exercise,
while males did not. It is important to note that a spinal component of corticospinal excitability
(i.e. Hoffman reflex or H-reflex) was not assessed. Therefore, it is unclear if the changes in
corticospinal excitability are mediated at the spinal or cortical level. Previous work has shown that
the H-reflex decreases (Zehr et al., 2007) or does not change (Neva et al., 2017) following exercise,
suggesting that the increases in corticospinal excitability observed in this work are cortically
mediated. Further, although this work showed no effect of ovarian hormones on neuroplasticity
induction, investigating other dependent measures may have revealed these effects. These
dependent measures may include intracortical facilitation (ICF), which has been shown to increase
(Singh et al., 2014) or decrease (Lulic et al., 2017) following exercise. This change may be
impacted by the higher levels of progesterone in the luteal phase compared to the follicular phase.
Progesterone is a positive modulator of GABAA receptors (Guennoun et al., 2015). Since ICF is
reduced by GABAA receptor agonists (Ziemann et al., 2014), it is likely that higher levels of
progesterone in the luteal phase impact the exercise-induced changes in ICF. As such, future
studies should continue to examine the effects of biological sex and ovarian hormones on exercise-

induced neuroplasticity of other dependent measures.

Importantly, TMS literature is limited as it only provides an indirect assessment of neuroplasticity
induction. Using TMS alone does not allow for the exploration of the mediators of the changes we

observe (e.g. neurotransmitters). Therefore, future research would benefit from combining
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different neuroscience techniques to assess changes we observe following exercise. For example,
using a combination of TMS, magnetic resonance spectroscopy (MRS), and blood measures could
reveal mediators of the increases in corticospinal excitability we observe. We observe an increase
in corticospinal excitability, assessed via TMS. Does exercise also increase glutamate (via MRS)
and peripheral BDNF (via blood) concentrations, and are these increases associated with the
increase in MEP amplitude? As such, combining different neuroscience techniques allows for a

more in depth investigation of exercise-induced neuroplasticity.

It has been previously stated that BDNF is an important mediator of exercise-induced
neuroplasticity (Cotman et al., 2007). Our findings support this notion, as baseline peripheral
BDNF levels were correlated with the percent change in corticospinal excitability following
exercise. However, in this study, we did not assess BDNF levels post-exercise and cannot state
that the increase we observed is due to an increase in BDNF post-exercise. Future work should
investigate the relationship between changes in BDNF and changes in cortical excitability and
inhibition following exercise. Although both peripheral BDNF and corticospinal excitability have
been shown to increase following exercise, they have not been tested in combination. Increases in
BDNF following exercise may allow for increases in corticospinal excitability through enhancing
the amplitude and frequency of excitatory post-synaptic currents (Carmignoto et al., 1997;
Lessmann et al., 1994; Levine et al., 1995). Therefore, it is likely that exercise will result in
increases in BDNF and corticospinal excitability and that these increases will be correlated. While
it has been suggested that peripheral BDNF levels may reflect brain BDNF levels (Krabbe et al.,
2007), this remains unclear. BDNF is synthesized in both in the periphery (Wang et al., 2006) and

in the central nervous system (Fujimura et al., 2002; Pan et al., 1998), but can only be obtained in
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vivo peripherally. BDNF is stored in platelets (Fujimura et al., 2002), and the analysis of BDNF
levels is impacted by the completeness of blood clotting and the plasma isolation protocol
(Fujimura et al., 2002). Further, ELISA kits used to analyze BDNF levels are susceptible to
artifacts due to low specificity of BDNF antibodies and the presence of BDNF binding protein in
the blood (Skornicka et al., 2002). Therefore, due to these confounding factors it remains unclear

if obtained peripheral BDNF levels are a true reflection of brain BDNF.

The findings from this thesis are only generalizable to young, healthy, fit individuals with regular
ovarian hormone fluctuations. It is unclear what outcomes we would observe in other populations.
For example, how do oral contraceptives or menopause impact the results we observed? Due to
lower levels of estrogen, postmenopausal women may not show increases in corticospinal
excitability following exercise. Therefore, to apply the information present here to individuals
outside our demographic, future research needs to investigate the effects of biological sex and
ovarian hormones on exercise-induced neuroplasticity in other populations, such as elderly and

clinical populations.

Significance and Future Directions

The findings presented in this thesis can guide future research investigating exercise-induced
neuroplasticity. It is evident that males and females show different neurophysiological responses
to acute exercise. However, it remains unclear what factors mediate these differences. Females
have greater levels of estradiol, serotonin, dopamine, and BDNF compared to males (Laakso et al.,

2002; Michalski et al., 2015; Ortiz et al., 1988; Weiss et al., 2005). We speculate that the
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differential exercise-induced response we observe between sexes is driven by baseline differences
of these neuromodulators. These neuromodulators increase excitability and therefore likely
mediate the increased corticospinal excitability observed in females following exercise. It remains
to be investigated if males and females show comparable increases in neuromodulators (e.g.
serotonin, dopamine, and BDNF) following exercise. This will allow for a greater understanding
of the differential response between males and females following acute aerobic exercise. Are the
increases we observe in females but not males due to greater neuromodulator concentrations at
baseline or due to a greater increase in these neuromodulators in females following exercise?
Future research should investigate sex differences in exercise-induced changes of neuromodulators

to further understand the differences in exercise-induced neuroplasticity between sexes.

Acute exercise has been used to promote motor learning (Skriver et al., 2014; Snow et al., 2016;
Statton et al., 2015) and to promote neuroplasticity induction via non-invasive brain stimulation
(NIBS) (Mang et al., 2016a, 2014; McDonnell et al., 2013). Future research will benefit from using
the information provided in this thesis to improve their outcomes. Specifically, because acute
exercise does not alter corticospinal excitability equally in males and females, they may not show
similar benefits when combining exercise and motor learning or exercise and NIBS. Therefore,
different protocols may be required to induce similar changes in males and females. Importantly,
our findings also present important considerations that may impact the success of neuroplasticity
inducing protocols in a rehabilitation setting. Therefore, biological sex should be considered when

using exercise to promote neuroplasticity and functional recovery following neurological injury.

65



M.Sc. Thesis — J. EI-Sayes; McMaster University — Kinesiology

Conclusion

A single session of aerobic exercise is capable of inducing short-term neuroplasticity.
Neuroplasticity induced by non-invasive brain stimulation has been shown to differ between sexes
and across the menstrual cycle. The present thesis investigated whether biological sex and ovarian
hormones also impact neuroplasticity induced by acute aerobic exercise. This thesis demonstrated
that biological sex, but not ovarian hormones, impacts neuroplasticity induced by a single session
of aerobic exercise. We observed an increase in corticospinal excitability in females only, and this
did not differ across the menstrual cycle. Further, this increase in corticospinal excitability was
positively associated with serum BDNF levels. This information can be used to guide future

research and rehabilitation protocols aiming to induce neuroplasticity via acute exercise.
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