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ABSTRACT
Brain-derived neurotrophic factor (BDNF) was recently described as a contractioninduced protein, produced by muscle and released into circulation, having autocrine and
endocrine actions. Our understanding of BDNFs role in skeletal muscle is limited; however, it
may play a role in how muscle adapts to exercise. Thus far it is known that BDNF expression
varies between skeletal muscle fiber types but is predominately found in oxidative muscle.
Acute exercise bouts increase circulating and skeletal muscle BDNF, and BDNF treatment of
isolated muscles increases fat oxidation through activation of AMPK. The effects of endurance
training and BDNF administration on these parameters have yet to be examined. This study's
purpose was to compare chronic subcutaneous BDNF treatment with endurance training in
mice. A secondary purpose was to deterimine if BDNF treatment could enhance endurance
training adpatations. Male C57BL6 mice were randomly assigned to one of four groups
(n=12/group): 1) control (CON); 2) endurance training (ET; treadmill running 1hour/day,
5days/wk); 3) BDNF (BDNF; 0.5 mg/kg·bw, 5days/wk); 4) endurance training and BDNF
(ET+BDNF) for 8 weeks. Results showed a main effect of BDNF on reducing body mass (p<0.05)
and food intake (p<0.05). The treadmill test to exhaustion demonstrated a main effect of BDNF
(p<0.01) and ET (p<0.0001) on increasing exercise capacity (p<0.05), further ET+BDNF increased
time to exhaustion compared to the ET group (p<0.001). In vitro contractile assessment of the
EDL revealed BDNF treatment resulted in similar increases in the max rate of relaxation as ET
alone. EDL force-frequency analysis showed ET+BDNF produced higher force than CON and
BDNF (p<0.05). No effect of BDNF on soleus contractile properties was observed. BDNF
increased EDL COXIV and CS content (p=0.06), however not to the same extent as ET (p<0.05).

No effect of BDNF on mitochondrial markers was observed in the soleus. The current study
provides novel data regarding the effect of chronic BDNF treatment and exercise on appetite
regulation, exercise capacity, and mitochondrial markers in a healthy mouse model. These
results demonstrate that BDNF may contribute to skeletal muscle adaptations observed with
endurance training. Further work is needed to determine if BDNF is required for these
adaptations.
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Chapter 1: Introduction
Brain-derived neurotrophic factor (BDNF) belongs to the neurotrophic factor family, first
discovered in and purified from the pig brain by Barde et al in 1982. Early research into BDNF
found it to be highly expressed in regions such as the hippocampus and the peripheral nervous
system (Yamamoto et al, 1996), where it was suggested to play a role in synaptic plasticity,
proliferation, and neuroprotection (Binder and Scharfman, 2004). The majority of the literature
concerning BDNF focuses on its role in neurons, however, following the detection of BDNF in
other peripheral tissues such as the liver (Yamamoto et al, 1996) and adipose tissue (Hausman
et al, 2006), the scope of research related to BDNF has expanded. More recently, BDNF has
been observed in skeletal muscle following contraction, and it has been implicated in fat
metabolism (Matthews et al, 2009) and tissue repair (Liem et al, 2001). Currently, the effects of
chronic endurance training on skeletal muscle BDNF content and its long term influence on
physiological adaptations and metabolic markers have yet to be examined. Additionally, the
literature is somewhat conflicted regarding the effect of BDNF on skeletal muscle fiber
phenotype, and therefore the present study seeks to clarify such phenotypic changes.
Mapped in rodents on chromosome 11, the BDNF gene contains one coding region and
multiple promotor regions, determining activity status and tissue expression. Neuronal BDNF
transcription can be upregulated by neural activity, calcium (Ca2+) influx, cyclic adenosine
monohydrate (cAMP), and protein kinase D (PKD) activation. Skeletal muscle BDNF
transcription is possibly achieved in a similar manner to neuronal BDNF, through increased
circulating epinephrine, resulting in cAMP and protein kinase A (PKA) activation (Yang et al,
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2016), or activation of the calmodulin-dependent protein kinase II (CaMKII)- cAMP responseelement binding protein (CREB) pathway via cytosolic Ca2+ influx (Yan et al, 2016).
BDNF is known to be expressed in skeletal muscle and myosatelite cells (Liem et al,
2001). Early research suggested BDNF found in skeletal muscle was being produced by the
motor neurons innervating muscle fibers (Dupont-Versteegden et al, 2004), however it is now
known that BDNF is produced by myocytes in response to muscle contraction. Interestingly in
human studies, the BDNF produced by myocytes was not shown to enter circulation and is
hypothesized to act in autocrine and paracrine manners locally at the muscle (Matthews et al,
2009). However, a recent study demonstrated that BDNF is in fact released from skeletal
muscle and has an insulin stimulating effect on the pancreas (Fulgenzi et al, 2020). Together,
these studies indicate the importance of contraction-induced BDNF to promote both local and
distant physiological outcomes.
BDNF expression has been shown to be variable between fiber types (Delezie et al,
2019). This variability is determined by the fiber type make-up of the skeletal muscle, with
slow-twitch fibers (Type I) expressing more BDNF compared to fast-twitch fibers (Type II). This
variance in BDNF between fiber type is thought to be related to the energy metabolism of
oxidative (Type I) fiber types, which rely more on fatty acid oxidation as a primary energy
source and contain a higher density of mitochondria. In support of this hypothesis, treatment of
muscle with BDNF results in the activation of AMP-activated protein kinase (AMPK) and
increased fatty acid oxidation (Matthews et al, 2009). Moreover, BDNF expression is upregulated following satellite activation and proliferation, suggesting a role of BDNF in skeletal
muscle tissue repair (Omura et al, 2005).
2

BDNF has also been the focus of studies examining obesity and metabolic disease. It has
been implicated in appetite regulation and metabolic dysregulation due to haploinsufficiency
leading to the development of hyperphagia, obesity, and diabetes in mice (Kernie et al, 2000).
The satiety hormone, leptin, communicates energy storage status to the hypothalamus
(Munzberg and Morrison, 2015), however BDNF and leptin are linked via translational
interactions to control energy homeostasis. Therefore, faulty BDNF signalling can cause
dysfunctional neural circuits in the hypothalamus, resulting in leptin resistance and obesity.
(Liao et al, 2012). In addition, BDNF has an influence on improving insulin resistance through its
ability to increase tyrosine phosphorylation of liver insulin receptors (Tsuchida et al, 2001),
which in turn activates Phosphoinositide 3-kinase (PI3-K) and mediates insulin actions (Marosi
and Mattson, 2014).
In summary, BDNF is now known to be a contraction-inducible protein, playing a role in
various metabolic processes at the tissue specific and whole body level. However, the extent of
BDNFs contribution to these physiological actions is unclear. Studies have investigated the
effects of acute exercise on the expression of skeletal muscle BDNF mRNA (Gomez-Pinilla et al,
2001; Matthews et al, 2009), but the examination of chronic BDNF treatment as it relates to
exercise training has yet to be explored. Thus, the purpose of this study is to examine the
effects of a chronic subcutaneous BDNF treatment in comparison to chronic exercise training.
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Chapter 2: Literature Review
2.1 Brain-Derived Neurotrophic Factor History and Tissue Distribution
BDNF is a member of the neurotrophic factor ‘family’ along with nerve growth factor
(NGF). Following the discovery of NGF, BDNF was first purified from the pig brain in 1982 (Barde
et al, 1982). Since the discovery, BDNF has been demonstrated to play a role in supporting
synaptic plasticity, differentiation, maturation, proliferation, and survival of neurons as well as
having neuroprotective effects in adverse physiological conditions such as neurotoxicity (Binder
and Scharfman, 2004). It is well known that BDNF is highly expressed in various regions of the
brain, specifically the hippocampus, however BDNF is also present in the peripheral nervous
system, and peripheral tissues such as the liver (Yamamoto et al, 1996; Genzer et al, 2017; Yang
et al, 2017; Cassiman et al, 2001), adipose tissue (Hausman et al, 2006; Sornelli et al, 2007), and
the heart among others (Timmusk et al, 1993; Yamamoto et al, 1996). More recently BDNF has
been found in skeletal muscle (Avila et al, 2007; Matthews et al, 2009; Sandya et al, 2013; Yang
et al, 2019), however its role and function in this tissue has not been fully described in the
literature. Therefore this is an emerging, novel line of research crutial to expanding our
knowledge of skeletal muscle BDNF.

2.2 BDNF from gene to protein
The BDNF gene, mapped in rodents to chromosome 11, consists of eight non-coding 5’
exons associated with multiple distinct promotors and one coding 3’ exon (IX), encoding for the
BDNF protein (Zheng et al, 2012). These promoters determine the activity status and tissue
specific expression of BDNF. In neurons it is known that BDNF transcription can be upregulated
4

by neural activity, Ca2+ influx, as well as cAMP and PKA activation. With exercise and skeletal
muscle contraction it is expected that increases in circulating epinephrine will result in
increased cAMP and PKA activation as well as increased calcium release from the endoplasmic
reticulum (Ho-Jin et al , 2007). It is possible that skeletal muscle BDNF transcription is regulated
in a similar fashion as neuronal BDNF. PKA and Ca2+ induced BDNF transcription is mediated by
CREB. Ca2+ is an important second messenger acting via Ca2+ /calmodulin-dependent protein
kinases (CaMKs) which then phosphorylates and activates CREB. CREB then translocates to the
nucleus where it binds to its response element and increases BDNF transcription (Yan et al,
2016). Similarly, in skeletal muscle PKA activation will result in CREB phosphorylation (Joassard
et al, 2013) and likely increase BDNF transcription (Qudah et al, 2020). It is likely that these are
the classic contraction-induced pathways that increase skeletal muscle BDNF.
Furthermore, nuclear respiratory factor 2 (NRF-2), which is a member of the E26
transformation-specific (ETS) family is implicated in the transcriptional regulation of exon IX of
the BDNF gene. Specifically, NRF-2 binds the core DNA transcriptional activation domain of
exon IX, GGAA (Nair and Wong-Riley, 2016). Nair and Wong-Riley (2016) showed the functional
role of NRF-2 in transcriptional regulation IX coding exon for BDNF in the rat primary visual
cortical neurons. They found that overexpression of NRF-2 resulted in a higher expression of
BDNF exon IX, whereas knocking out NRF-2 down-regulated this expression and suppressed
transcription. NRF-2 is also expressed in skeletal muscle and plays a role in upregulating
antioxidant enzymes in response to oxidative stress. It is possible that NRF-2 activation with
exercise also leads to increased BDNF transcription (Crilly et al , 2016), however this role in
skeletal muscle remains to be elucidated. BDNF expression is not only regulated by
5

transcription and translation, but also by post-translational modifications, which are subject to
further epigenetic modification mechanisms (Miranda et al, 2019). Such modifications result in
changes of chromatin structure due to modifications on histone proteins via methylation,
acetylation and phosphorylation (Zheng et al, 2012) – however a full characterization of these
modifications in relation to BDNF in skeletal muscle has yet to be examined.
Final translation and synthesis of BDNF takes place in the endoplasmic reticulum, as a
precursor protein (pro-BDNF), which migrates through the Golgi apparatus. In neurons, in the
presence of carboxy peptidase E, pro-BDNF is packed into vesicles and is translocated to the
synapse for secretion via exocytosis. Subsequent extracellular cleavage of the pro-BDNF
terminal domain by a protein convertase enzyme, results in a 13 kDa biologically active form of
mature BDNF (Bathina and Das, 2015). The ratio of pro-BDNF to mature BDNF is determined by
the efficiency of cleavage and is different at distinct developmental stages. In adolescent mouse
neurons both pro and mature BDNF forms are detectable, whereas in adulthood, mature BDNF
predominates (Yang et al, 2014).
The localization and role of BDNF in mature skeletal muscle has remained controversial.
Once synthesized it is proposed that BDNF is found along the entire length of myofibrils as well
as localized to myosatelite cells. Liem et al (2001) examined the expression and localization of
BDNF in synaptic and extra synaptic regions of mature diaphragm skeletal muscle. They
demonstrated that BDNF is expressed in both skeletal muscle and myosatelite cells and was not
present at the neuromuscular junction. These results are consistent with previous work
demonstrating BDNF content in C2C12 cells (Seidl et al. 1998). Mousavi and Jasmin (2006)
further examined the BDNF content in rat muscle using an in situ hybridization method. It was
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observed that myoblasts expressed BDNF, however BDNF expression was lower in myofibers,
and repressed in differentiated myotubes. The authors hypothesized that the primary role of
BDNF in mature skeletal muscle is to maintain the population of satellite cells by preventing
myogenic differentiation. Interestingly, Copray et al (2000) demonstrated in diabetic rats that
electrically stimulated muscle contraction resulted in increased BDNF mRNA expression in the
EDL alongside increased satellite cell activation. This study highlights a potential role for BDNF
following muscle damage, where BDNF is increased in order to activate satellite cells to repair
the damaged muscle. Recent work by Fulgenzi et al (2020) suggests BDNF produced by skeletal
muscle in response to contraction is released peripherally where it influences pancreatic -cell
secretion of insulin, thus mediating glucose metabolism.

2.3 Classical BDNF Signaling
BDNF has the ability to signal through two different receptors, p75 and tropomyosinrelated kinase B (TrkB). All members of the neurotrophic factor family bind with a low affinity to
p75 receptors located on the cell membrane surface, however BDNF binds with a much higher
affinity to its cognate receptor, TrkB (Andero et al, 2014). BDNF binding to TrkB results in
dimerization and autophosphorlyation of extracellular tyrosine residue domains (Bathina and
Das, 2014), containing many unique transmembrane glycosylation sites, with subsequent
activation of the intracellular domain (Yamada and Nabeshima, 2003). The stimulatory effect of
the BDNF/TrkB complex is determined by its translocation to microdomains, rich in cholesterol
and sphingolipids, known as lipid rafts (Suzuki et al, 2004). Lipid rafts are activated by ligand
binding, forming concentrated platforms for individual receptors and protecting the signalling
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complex from non-raft enzymes that may interfere with signalling (i.e., membrane
phosphatases). Such protection ensures only local molecules are able to modify the domain and
produce specific signalling cascades (Simons & Toomre, 2000).
The phosphorylated-TrkB stimulates several G-proteins that mediate the regulation of
multiple cytoplasmic signaling pathways as well as downstream targets (Yamada and
Nabeshima, 2003). In the brain, and likely in peripheral tissues, these signal cascades include;
phosphatidylinositol 3-kinase (PI3K)/protein kinase B (Akt), mitogen-activated protein kinase
(MAPK), and phospholipase C (PLC-y). In nervous tissues, these signalling cascades contribute to
BNDFs effects on neuronal growth and synaptic plasticity, cell survival and proliferation,
transcription regulation and protein synthesis (Andero et al, 2014). However, the role of BDNF
signaling in skeletal muscle is only just emerging and thus far assumptions are made based on
previous knowledge of these signaling cascades.
Activation of the PI3K/Akt pathway modulates anti-apoptotic and cell survival activity
and further exerts protein synthesis, cytoskeleton development, and mRNA translation actions
via downstream activation of the mammalian target of rapamycin (mTOR) (Kowianski, et al,
2018). MAPK, also known as Ras-Raf-Mek-Erk pathway is essential for early gene expression as
well as dendritic proliferation and branching for hippocampal neurons (Kwon et al, 2011). In
skeletal muscle the MAPK signaling is known to play a role in carbohydrate and fat metabolism
as well as hypertrophy and apoptosis (Kramer & Goodyear, 2007). In the brain, stimulation of
PLC-y results in further downstream triggering of Ca2+-calmodulin-dependent protein kinase
(CAM kinase) and protein kinase C (PKC), which evokes upregulation of synaptic plasticity
(Kowianski et al, 2018) and has been implicated in hippocampal-dependent memory (Koponen
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et al, 2004). In skeletal muscle this pathway is involved with insulin signalling and is therefore
implicated in glucose uptake and fuel utilization. Disruption of this pathway may result in
metabolic dysfunction such as insulin resistance (Wright et al, 2003). This information about the
‘classical signalling’ of BDNF has come mostly from research in neurons and other tissues,
whereas such signalling research in skeletal muscle is not consistently clear within the
literature.

2.4 BDNF and Skeletal muscle
It is now known that BDNF is expressed skeletal muscle and myosatelite cells (Liem et al,
2001). In early studies it was unclear if BDNF was expressed in skeletal muscle or if it was only
expressed in the motor neuron supplying the fibres. BDNF expression and protein content in
skeletal muscle was first described in the gastrocnemius of rats (Koliatsos et al, 1993). Gazula et
al (2004) published one of the first studies to demonstrate that some type of trophic signaling
from skeletal muscles is important in the maintenance of innervating motorneurons. Early
research suggested the BDNF found in skeletal muscle, as a result of contraction was being
produced from motor neurons innervating the muscle fibers (Dupont-Versteegden et al, 2004;
Gomez-Pinilla et al, 2001). Gomez-Pinilla et al (2002) performed experiments showing that
voluntary exercise leads to increased BDNF mRNA and protein in both the rat spinal cord and
soleus muscle. To examine if skeletal muscle was the source of BDNF with exercise, Matthews
et al (2009) utilized both in vivo and in vitro models. The authors demonstrated an increase in
BDNF mRNA and protein content from human muscle biopsies taken following 120 minutes of
cycling exercise. Using immunohistochemistry of human skeletal muscle tissue, they showed
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increased BDNF content to be intramyocellular following exercise (Figure 1). Due to the chance
of BDNF coming from other cell types within the muscle, Matthews et al (2009) moved to a cell
culture system of contracting differentiated C2C12 myotubes via electrical stimulation in vitro.
Contraction was confirmed via a decrease in phosphocreatine (PCr), but not adenosine
triphosphate (ATP), indicating the cells were undergoing metabolic stress from low-intensity
muscle contraction rather than cell damage. The authors concluded that muscle contraction
increases BDNF mRNA levels and is therefore a contraction-induced protein. Interestingly in the
human study, BDNF was not observed to be released from skeletal muscle into circulation, and
therefore the authors hypothesized that BDNF has local autocrine and paracrine functions via
activation of signalling pathways and downstream targets (Matthews et al, 2009). However,
recent work by Fulgenzi et al (2020) demonstrated in mice, that BDNF is produced by muscle in
response to exercise and is released peripherally into circulation to act in a wider endocrine
manner. This group demonstrated that BDNF, acting through TrkB in human and mouse islets
results in elevated intracellular Ca2+ concentrations, and insulin release from pancreatic -cells.
Therefore demonstrating a role of BDNF on insulin-stimulated glucose regulation.

10

Figure 1. Immunohistochemical staining of BDNF in skeletal muscle in vivo at time points 0 and
24 h after 120m of ergometer bicycle exercise at 60% of VO2 max (Reproduced from Matthews
et al (2009)).
Interestingly, muscle BDNF content is highly variable between muscle types (Whitley et
al, 2020; Delezie et al, 2019). The variation of muscle BDNF expression is thought to be
determined by the fiber type make-up, relating to fast-twitch vs slow-twitch fiber proportions.
BDNF is highly expressed in oxidative Type I muscle types such as the soleus in comparison to
the glycolytic Type II EDL (Whitley et al, 2020). Work from our lab has further demonstrated
that the soleus has a higher content of BDNF and its receptor TrkB in comparison to the EDL
(Figure 2). This fibre type specific distribution of BDNF provides some clues as to what the role
of BDNF might be in skeletal muscle and points in the direction of a role in oxidative
metabolism.
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Figure 2. BDNF content and receptor TrkB are higher in soleus compared to the EDL. A) BDNF
protein content; B) TrkB protein content; C) Representative western blots. Values are
represented as mean ± SEM. Significance indicated by * p<0.0001 (Brown et al. manuscript in
preparation).

In support of a role in oxidative metabolism, Matthews et al (2009) examined L6
myotubes treated with BDNF and analyzed AMPK activity and fatty acid oxidation. They found
that BDNF treatment markedly increased phosphorylation of AMPK as well as its downstream
target acetyl-CoA carboxylase ACC (Figure 3). ACC catalyses malonyl CoA synthesis which is an
allosteric inhibitor of the regulatory mitochondrial fatty acid transfer molecule, carnitine
palmitoyltransferase, thus ACC is a key protein for fatty acid oxidation in muscle (Choi et al,
2007). The authors also demonstrated an increase in fatty aid oxidation with BDNF treatment.
To determine if BDNF was acting through AMPK to increase fat oxidation the authors treated
the cells with the AMPK inhibitor Compound C and observed that the BDNF-induced elevation
in fat oxidation was totally absent. Thus demonstrating that the BDNF-induced increases in fat
oxidation is AMPK-dependent. Further to the cell culture, they showed consistent results in ex
vivo experiments using EDL muscle from male wistar rats. Matthews et al (2009) concluded that
BDNF was a contraction-inducible protein directly from the muscle cell and that the increase in
fat oxidation via BDNF action is dependent on the elevation of AMPK phosphorylation. Given
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BDNFs involvement in fat oxidation via AMPK activation, it makes sense for BDNF expression to
be higher in oxidative muscle with higher fatty acid storage and mitochondrial content
(Matthews et al, 2009).

Figure 3. BDNF increases fat oxidation in skeletal muscle in an AMPK-dependent fashion.
(Reproduced from Pedersen (2009)).

In compliment to Matthews et al (2009) work showing the influence of BDNF on fat
oxidation, Woods et al (2018) examined whether the functional BDNF mimic, 7,8dihydroxyflavone (7,8-DHF), affected mitochondrial biogenesis. Firstly, Wood et al (2018) found
7,8-DHF stimulation increased mitochondrial DNA in cultured C2C12 myotubes in a dosedependent manner. Additionally, a higher myocellular fat oxidation was detected following 7,8DHF stimulation. The study also treated obese female C57BL/6J mice with 7,8-DHF for 9 weeks.
As a result of 7,8-DHF treatment, mice showed increases in key regulators of mitochondrial
biogenesis (pAMPK, pERK, pCREB, and peroxisome proliferator-activated receptor-gamma
coactivator (PGC-1alpha), as well as mitochondrial proteins, pyruvate dehydrogenase (PDH) and
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cytochrome c in the gastrocnemius. Further confirmation of 7,8-DHF treatment increasing
mitochondrial biogenesis comes from a marked increase in the expression of two master
transcription factors of genes for mitochondrial biogenesis, mitochondrial transcription factor A
(Tfam) and nuclear respiratory factor 1 (Nrfl). These changes in skeletal muscle mitochondrial
content were thought to play a large role in the reduced adiposity and increased metabolic rate
of these mice (Wood et al, 2018).
In addition to a role in regulating oxidative metabolism with contraction, it is also
thought that BDNF plays a large role in muscle fibre repair and protein synthesis. For example,
an exercise-induced elevation of BDNF, in the form of downhill running, was shown to increase
phosphorylation of the Akt-mTOR pathway in rat soleus, implicating BDNF in protein synthesis
and cellular regeneration/repair (Yu et al, 2017). Moreover, BDNF is implicated in the repair of
damaged muscle fibers following physiological stress, through its influence on satellite cells.
Satellite cells are a form of stem cell in skeletal muscle that reside between the myofiber
sarcolemma and the basement membrane, where they are mitotically quiescent in healthy
adult muscle (Lipton and Schultz, 1979). However, in response to muscle injury they exit this
quiescent state, becoming activated and trigger proliferation to produce myoblasts. Myoblasts
then differentiate and fuse with myofibers and other myoblasts to form new myofibers,
resulting in remodelled skeletal muscle tissue (Yu et al, 2017). BDNF may play a role in the
satellite cell-mediated response to muscle injury due to a clear up-regulation of BDNF
expression correlating with the occurrence of satellite cell activation and proliferation (Omura
et al, 2005). Yu et al (2017) were the first to show the involvement of exercise-induced BDNF in
the regeneration of skeletal muscle via the analysis of rat soleus for a 14-day period following a
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downhill running protocol. The downhill running protocol was used to create acute muscle
damage through eccentrically-dominated exercise. They found changes in BDNF expression to
occur in two distinct phases; an early (1d - 3d) and a late (7d -14d) phase following the
completion of downhill running. The early phase was attributed to the influence of BDNF on
skeletal muscle fat oxidation, which is an early physiological event in response to exercise. Late
phase BDNF expression was suggested to play a role in skeletal muscle regeneration by
observing centrally located nuclei, showing newly formed myofibers as well as a correlational
elevation of BDNF mRNA and protein expression in this skeletal muscle tissue. Additionally, Akt
activation was shown to be maintained, thus indicating an anabolic state of skeletal muscle for
myofiber remodelling. Given this role for exercise-induced BDNF on fat oxidation, mitochondrial
content, adiposity, and metabolic rate, it is likely that BDNF may provide a role in the
prevention or treatment of metabolic diseases.

2.5: A role for BDNF in Metabolic Disease
Given the central and potential peripheral role(s) of BDNF, this protein has been the
focus of several studies examining obesity and metabolic diseases. For example, BDNF is
implicated in appetite regulation, and metabolic dysregulation with BDNF haploinsufficient
mice developing hyperphagia, obesity, and diabetes (Kernie et al, 2000). Here we will discuss
the role of BDNF in appetite regulation, obesity, and diabetes, highlighting the importance of
gaining a better understanding of its role in skeletal muscle.
Leptin is a hormone produced and secreted predominantly by adipose tissue, freely
passing the blood brain barrier to communicate energy storage status to its central target the
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hypothalamus (Munzberg and Morrison, 2015). BDNF and leptin are linked to the control of
energy homeostasis through translational interactions. Long 3’UTR BDNF mRNA transcription is
stimulated by leptin in neuronal dendrites, which in turn is required for leptin-induced activity
in multiple hypothalamic areas. Compromised BDNF signalling results in dysfunctional neural
circuits in the hypothalamus, causing leptin resistance and ultimately obesity (Liao et al, 2012).
Furthermore, BDNF heterozygote mice show elevated levels of circulating leptin. These mice
display hyperphagia due to hypothalamic leptin resistance and obesity instead of functional
satiety signalling (Kernie et al, 2000). Further support for BDNFs anorexigenic effects come from
Nakagawa et al (2000) who injected 20 mg/kg of BDNF daily into obese db/db male mice and
found food intake to be significantly lower than the vehicle administration group. Ono et al
(2000) found results consistent with Nakagawa et al (2000) by showing the appetite reducing
action of BDNF. Ono et al (2000) administered 20 mg/kg/d of BDNF to obese female db/db
mice over a 2 week period. Over this treatment period their data showed a significant reduction
in food intake compared to the vehicle group. Following this 2 week period BDNF treatment
was stopped and food intake of these mice rose to the level of the vehicle group. This rise in
food intake following cessation of BDNF highlights its effect on appetite suppression (Ono et al,
2000). However, it should be noted the doses used in these studies are much higher than
normal physiological levels of circulating BDNF (20-40pg/ml) reported in mice (Kim et al, 2020)
and therefore may not reflect the true extent of naturally produced BDNF. Conflict of these
findings comes from Wood et al (2018) who fed obese C57BL/6J mice a BDNF mimic, 7,8-DHF,
dissolved in water at a final concentration of 0.16mg/ml for 9 weeks. Interestingly, the
treatment group showed higher food intake compared to controls. However, typical increases
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in mitochondrial markers were observed following treatment. This discrepancy could be a result
of the BDNF mimic being unable to cross the blood brain barrier and not acting upon the
hypothalamus to influence satiety.
Obesity is commonly associated with additional metabolic dysfunction such as insulin
resistance, resulting in type 2 diabetes. Insulin resistance is a condition when insulin receptors
become unresponsive to insulin, failing to phosphorylate the insulin receptor substrate (IRS)
proteins. Thus, downstream targets of this signalling cascade such as PI3K, Akt, and GLUT4 are
left dormant and are unable to regulate metabolic processes mediated by insulin. These
processes include glucose uptake in muscle cells and result in chronic elevation of blood
glucose (Kadowaki et al, 2006).
BDNF has been shown to have an influence on insulin resistance via its ability to lower
blood glucose levels in obese diabetic mice (Krabbe et al, 2007). One mechanism by which
BDNF regulates glucose metabolism is through its ability to enhance tyrosine phosphorylation
of liver insulin receptors following a single subcutaneous or intracerebroventricular injection of
20mg/kg in streptozotocin (STZ)- induced diabetic mice (Tsuchida et al, 2001). This increase in
tyrosine activity results in elevated downstream activation of PI3-K, which is a target
responsible for many metabolic and mitogenic actions of insulin (Marosi and Mattson, 2014).
Tsuchida et al (2001) showed that repeated subcutaneous injection of 20 mg/kg/day BDNF to
db/db mice for 14 days increased insulin-stimulated activity of PI3-K and mediated metabolic
actions of insulin in various peripheral tissues such as the liver, skeletal muscle, and
intrascapular brown adipose tissue. This effect was observed independent of a change in insulin
receptor protein content in these tissues, thus showing BDNFs ability to mitigate insulin
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responsiveness in peripheral tissues. BDNF not only exerts its action on insulin sensitivity once
diabetes has been established, but BDNF treatment of 20 mg/kg twice weekly for 8-weeks in 8week old in db/db mice, shows the prevention of the age-related increase of blood glucose
associated with diabetes progression (Yamanaka et al, 2008). It is suggested that BDNF prevents
pancreatic exhaustion through the maintenance of histological cellular organization of -cells
and non -cells of pancreatic islets, with an additional increase of granules containing insulin in
-cells (Yamanaka et al, 2008). Felgenzi et al (2020) has recently suggested that contractioninduced BDNF from skeletal muscle is released into circulation and acts in an endocrine fashion
on peripheral tissue such as the pancreas. The authors suggest BDNF acts on the TrkB receptors
within -cells, alongside Ca2+ levels, to influence insulin secretion.
A significant drawback with these studies is the real-life application of the findings when
comparing the dosages used to physiological levels of BDNF. Kishino et al (2001) examined how
subcutaneous injections of BDNF translate to actual plasma levels. They found a dosage of
20mg/kg equates to 1000ng/ml in plasma and even with a 1mg/kg dose of BDNF yields 1ng/ml
in blood plasma. Whereas physiological levels of BDNF in mice plasma have been shown to be
around 20pg/ml in non exercised animals (Kim et al, 2020). Exercise training was shown to
increase this blood plasma level, however this increase only reached 35pg/ml (Kim et al, 2020)
and is therefore much lower than the non-physiological dosages used to the above studies.

2.6: Exercise, BDNF, and Skeletal Muscle
It is known that BDNF is a contraction/exercise-inducable protein that plays an autocrine
and paracrine role to increase skeletal muscle fat oxidation (Matthews et al, 2007),
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mitochondrial biogenesis (Wood et al, 2018), and whole body metabolism, with implications in
insulin resistance and therefore diabetes (Kernie et al, 2000). Skeletal muscle-derived BDNF is
now known to be released into circulation (Fulgenzi et al, 2020), and work from our lab has
demonstrated that circulating BDNF increases in a duration and intensity dependent manner
(Reycraft et al, 2020). In addition to skeletal muscle, the source of circulating BDNF has been
thought to be from the brain (Rasmussen et al, 2009) as well as circulating platelets. Platelets
are small unnucleated cells originating from megakaryocytes in the bone marrow and act as the
main reservoir for BDNF, with the capacity to store over 90% of circulating BDNF. Interestingly
BDNF is present in two separate structures within the platelets, the cytoplasm and -granules,
which have been suggested to secrete BDNF under different stimuli (Serra-Millas, 2016). BDNF
is released from -granules via protease-activated receptor 1 (PAR1) upon platelet activation
along with thrombin activation, implicated in the clotting process (Tamura et al, 2011). With
maximal activation of platelets only 30-40% of total BDNF is released, with the remaining 70%
being equivalent to the cytoplasmic BDNF content (Fujimura, et al, 2002). Cytoplasmic BDNF is
not affected by this process and remains in the platelet, potentially acting as a stable BDNF
buffer within the cell (Serra-Millas, 2016). Due to the activation factors involved with plateletBDNF release (thrombin), platelet BDNF may play a role during injury and tissue trauma, with
platelets acting to locally secrete BDNF at the trauma site (Radka, et al, 1996). It is thought that
exercise induces splenic constriction resulting in the release of platelets and the subsequent
release of BDNF into circulation (Walsh et al, 2017; Walsh et al, 2018). Therefore the effects of
exercise-induced BDNF on skeletal muscle may be due to locally derived BDNF or circulating
BDNF.
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Several studies have previously shown that acute exercise induces an increase in
skeletal muscle BDNF content (Gomez-Pinilla et al, 2001; Cuppini et al, 2007; Ogborn and
Gardiner, 2010). These studies use short bouts of exercise, commonly 30 minute increments,
with short training periods over a matter of days instead of weeks. However, the examination
of chronic exercise training and role of BDNF in skeletal muscle following such exercise has not
yet been explored. It would also be appropriate to use more physiological doses of BDNF to
examine its contribution these physiological adaptations.

Purpose
The purpose of this proposed research is to explore the gap in the literature of the
influence of BDNF on skeletal muscle adaptions in response to chronic exercise training.
Specifically this thesis will compare the effects of chronic subcutaneous BDNF administration
and chronic exercise training alone and in combination with BDNF administration on exercise
capacity, fiber type distribution and contractile adaptations, BDNF signalling, and markers of
mitochondrial biogenesis.

Hypothesis
We hypothesize that 8 weeks of subcutaneous BDNF treatment will result in similar
adaptations as endurance training alone. It is expected that BDNF supplementation will
positively influence markers for mitochondrial biogenesis, exercise capacity and a shift from
glycolytic to oxidative muscle fiber phenotype. We anticipate that 8-weeks of endurance
training will result in an increase in circulating and muscle BDNF content. Finally, we
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hypothesize that exercise plus BDNF supplementation will have an additive effects on all
outcome measures.

Chapter 3: Methods
3.1 Animals and Experimental Design
Male C57BL6 mice were assigned into one of four groups (n=12/group): 1) control
(CON); 2) endurance training (ET); 3) BDNF; or 4) endurance training and BDNF (ET+BDNF)
(Figure 4). Mice arrived and were acclimatize for 7 days in the Brock University Comparative
Biosciences Facility. All mice were kept on a 12-hour light: 12-hour dark cycle and have ad
libitum access to food and water through the entirety of the study. The study interventions
took place over 8 weeks and body mass (g) and food intake (g/wk) were recorded weekly. All
experimental procedures were pre-approved by the Brock University Animal Care Committee
(AUP: #20-07-04) and followed the guidelines of the Canadian Council on Animal Care.

Figure 4. Time-line of the experimental design. The times of exercise and BDNF interventions are
displayed, along with time of glucose tolerance and exercise testing.
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Mice within the control group remained mostly sedentary throughout the 8-week intervention.
However, to reduce the effects of increased handling and movement to and from the treadmill
that the other experimental groups experienced these mice were handled 5 days/week and
their cages brought to the treadmill room. Mice within the exercise group underwent
endurance exercise training 5 days/week for 8 weeks. Mice were acclimated to treadmill
running during two short low‐intensity sessions (10 min, 15 m/min, 5% incline). Training
commenced forty‐eight hours after the last acclimation session. Training consisted of treadmill
running for 1 h/d, 5 d/wk for 8 weeks (trained during the light cycle, between 09:00 and
11:00am). Training was progressive and increased from 20m/min at 10% incline in week 1 to
25m/min at 20% incline in week 8. The control and exercise groups both received sham
equivalent volume subcutaneous saline injections (see vehicle below). Mice in the BDNF group
underwent rotating subcutaneous injection of BDNF (0.5mg/kg body mass) 5 d/wk for 8 weeks.
0.01% Tween 80 and 1% mannitol in phosphate-buffered saline (10mM phosphate and 150 mM
NaCl, pH 7.0) was used as the vehicle (Kishino et al. 2001; Yamanaka et al. 2007). Mice in the
combined exercise + BDNF group underwent treadmill training as described for the exercise
group as well as BDNF administration as described in the BDNF group.

3.2 Body Mass and Food Intake
At the beginning of every week, at the same time of day, each mouse was removed from
their housing and weighed on a scale and the value was recorded. At the same time, the food
remaining in the cage was weighed and recorded. The weekly intake was then calculated.
Terminal body mass was measured immediately prior to euthanasia.
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3.3 Treadmill Fatigue Testing
The treadmill exhaustion test was adapted from the protocol used by Castro and Kuang
(2017). The treadmill was set to an incline of 10%. The mice were placed in the appropriate lane
and allowed to explore the environment with the treadmill stationary. A warm up was
conducted for the mice at a speed of 12m/min for a duration of 5 minutes; following this period
the test was initiated. Treadmill speed was increased to 12m/min and then further increased by
2m/min every 2 minutes up until the maximum speed of 46m/min was reached (Bi et al, 2016).
The treadmill was run until the mice were exhausted or the maximum speed was achieved. In
the current study, exhaustion was defined as the inability of the animal to run on the treadmill
for 10 seconds consecutively despite slight mechanical prodding (Bi et al, 2016; Yue et al, 2016).
The appropriate speed and time at which exhaustion occurred was recorded for analysis.
Distance, work, and power were also recorded as outcome measures. Work and power were
calculated as previously described (Nie et al, 2016).

Work(J) = body mass (kg) × gravity (9.81m/sec2) × vertical speed (m/sec×angle) × time (sec)

Power(W) = work (J) / time (sec)

3.4 Glucose Tolerance
All glucose tests followed Brock University’s standard operating procedure (SOP – TECH
16 & 17, respectively) guidelines.
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Glucose Tolerance Test (Week 8):
All mice were fasted 6 hours before testing, with ad libitum access to water. After the 6hour fast, mice were weighed to determine the appropriate amount of glucose (BioShop
Reagents) to inject. A 20% glucose solution was prepared which consisted of 18 mL of distilled
H2O and 4g of D-glucose, Q.S. to 10mL with dH2O, to achieve a final dilution of 0.2g/mL. Mice
were injected IP with a weight adjusted bolus injection of glucose (2g/kg bw), and changes in
blood glucose monitored by obtaining a small drop of blood from the tail vein. Before injection,
baseline blood glucose concentrations were determined (Time 0). Blood samples were obtained
while mice were conscious through a small cut at the tip of their tail and analyzed with a
standard automated blood glucose monitoring system (FreeStyle Lite, Abbott Laboratories).
Blood was tested at 15, 30, 45, 60, 90, and 120 minutes post glucose injection.

3.5 Tissue Collection
Mice were anaesthetized with an intraperitoneal injection of Sodium Pentobarbital
(6mg/100g body weight). Tissues were collected in the following order: skeletal muscle, adipose
tissue, and liver. Blood was then collected via cardiac puncture and the mice euthanized via
exsanguination. Following euthanasia, the brain was removed and left and right prefrontal
cortex and hippocampus samples were dissected and snap frozen in liquid nitrogen for further
analysis. The specific skeletal muscles that were collected were the soleus and EDL from both
the left and right side. Muscles were weighed immediately following dissection and after the
contraction protocol.
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3.6 In vitro muscle contractility
Intact soleus and EDL muscles were carefully dissected and suspended in a bath with
oxygenated Tyrode solution (95% O2, 5% CO2) containing 121 mmol/L NaCl 2, 5 mmol/L KCl, 24
mmol/L NaHCO3, 1.8 mmol/L CaCl2, 0.4 mmol/L NaH2PO4, 5.5 mmol/L glucose, 0.1 mmol/L
EDTA and 0.5 mmol/L MgCl2, pH 7.3 and maintained at 25°C. Muscle fatigue was examined by
stimulating the muscle at 70 Hz for 200 ms every second until the muscle lost 30% (Sol) or 50%
(EDL) of their initial force, respectively. Peak isometric force amplitude (mN) and the maximal
rates of force development (+dF/dt) and relaxation (−dF/dt) were also determined during a
twitch and across the range of stimulation frequencies. For the soleus the following frequencies
were used; 1, 5, 10, 20, 30, 40, 60, 80 and 100Hz. For the EDL; 1, 20, 60, 100 and 150Hz were
used. Each stimulation was 400ms in length, with a rest period of 60s between each
contraction. All contractile experiments were conducted at a muscle length of Lo. Peak
isometric force was then normalized to muscle weight (mN/g). Each muscle was weighed after
the end of the contraction protocol (fatigue protocol).

3.7 Western Blotting
Samples were homogenized (FastPrep, MP Biomedicals, Santa Ana, CA) in 20 volumes
of NP40 Cell Lysis Buffer (Life Technologies; CAT# FNN0021) supplemented with 34 𝜇L
phenylmethylsulfonyl fluoride and 50 𝜇L protease inhibitor cocktail (Sigma; CAT# 7626-5G,
CAT# P274-1BIL). Homogenized samples were then centrifuged at 4°C for 15 minutes at 12,000
G, after which the supernatant was collected, and protein concentration was determined using
a Bicinchoninic acid assay (Sigma-Aldrich - B9643, VWR – BDH9312). The samples were
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prepared to contain equal concentrations (1g/l) of protein in 2x Laemmli buffer and placed in
a dry bath at 100°C for 5 minutes. Samples (10-20µg of protein) were loaded and separated on
10% SDS-PAGE gels for 90 minutes at 120V. Proteins were then wet-transferred onto
nitrocellulose membrane at 100V for 60 minutes. Membranes were blocked with 5% non-fat
powdered milk in Tris buffered saline/0.1% Tween 20 (TBST) for 1 hour at room temperature.
The appropriate primary antibody (1:1000 ratio) was then applied and left to incubate
overnight on a shaker at 4°C. Following primary incubation, the membranes were then washed
with TBST 3 x 5 minutes and incubated with the corresponding secondary antibody conjugated
with horseradish peroxidase (Jackson ImmunoResearch, 1:2000 ratio) for 1 hour at room
temperature. Signals were detected using enhanced chemiluminesence and were subsequently
quantified by densitometry using a FluorChem HD imaging system (Alpha Innotech, Santa Clara,
CA). A representative ponceau stain was measured and analyzed for each membrane to ensure
equal loading (<10% variability across the membrane) (Sander et al., 2019). The protiens that
were examined included: BDNF, TrkB (total and phosphorylated), AMPK (total and
phosphorylated), CaMK, mitochondrial proteins; citrate synthase (CS), COXIV (Cytochrome C
oxidase subunit 4) and PDH, PGC-1alpha, SERCA1a and SERCA2a.

3.8 Histochemical and Immunofluorescence Analysis
Each OCT embedded muscle sample was mounted on a chuck using OCT and clamped in
a Thermo Scientific Cryostat Microtome, maintained at -25°C. The sample was positioned at 90°
to the cutting blade. Cross sections of the muscle belly were sliced at m thickness and
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transferred to a veccabonded viewing slide. 4 cross sections per sample were transferred to
each slide and incubated at 37°C for 30 minutes. Slides were then stored at -80°C until analysis.
Frozen slides were removed, defrosted and placed on wet paper towel to air dry at RT.
Muscle sections were outlined with a pap pen. Sections were incubated for 1 hour in 100l
blocking solution (10% goat serum in PBS) and carefully blotted dry using kimwipes. Primary
antibody cocktail against MHCI @ 1:50 (BA-F8), MHCIIa @ 1:600 (SC-71) and MHCIIb @ 1:100
(BF-F3) diluted in 10% blocking solution was formulated. Slides were incubated in l primary
antibody cocktail overnight in a dark container. Slides were washed in PBS 3 x 5 minutes in
Columbia jar on a shaker at 150rpm. Slides were then blotted dry. The secondary antibody
cocktail was formulated, containing Alexa Fluor 350 IgG2b @ 1:500 (blue- MHCI); Alexa Fluor
488 IgG1 @ 1:500 (green- MHCIIa); Alexa Fluor 555 IgM @ 1:500 (red- MHCIIb). Muscle sections
were incubated in 100l of secondary antibody cocktail at room temperature in a dark room for
1 hour. Slides were washed in PBS 3 x 5 minutes in Columbia jar and blotted dry. 15l of
Prolong® Gold antifade Reagent was applied to the middle of the muscle sections and a
coverslip was applied. Nail polish was used to secure corners of the coverslip and left to dry for
10 minutes.
Muscle sections were visualized using Cytation™ 5 Biotek Imager equipped with Red
(Excitation: BP 545/25nm; Emission BP 605/70nm), Green (Excitation: BP 470/40nm; Emission
BP 525/50nm), and Blue (Excitation: BP365/12nm; Emission LP 397nm) filters. Images were
captured at 40x magnification. Images were analyzed using ImageJ for fiber percentage
distribution, number, and CSA. These methods were adapted from Bloemberg and
Quadrilatero (2012).
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3.9 Plasma Analysis
A commercially available enzyme-linked immunosorbent assay kit was used to
determine plasma concentrations of BDNF (Cat. #CYT306, EMD Millipore BDNF ELISA). The
BDNF ELISA kit used was specific to mouse BDNF with no significant cross-reactivity with other
members of the neurotrophin family. All samples were run in duplicate.

3.10 Statistical Analysis
Body mass and glucose tolerance test results were recorded, and a two-way repeated
measures ANOVA analysis was performed. For the glucose tolerance tests this was followed by
calculating area under the curve and conducting a two-way ANOVA based on exercise by BDNF
treatment. Differences between total and phosphorylated protein content as well as
differences in muscle contractility were analyzed using two-way ANOVAs. Significant
interactions were followed up with Tukey post-hoc analysis. In cases where data were not
normally distributed data was logarithmically transformed. Data are expressed as means ± SEM
with significance set at p<0.05.
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Chapter 4: Results
4.1 Body Mass and Food Intake
Prior to the beginning of the study there were no differences observed in body mass
between the groups (figure 5A; p=0.96). Terminal body mass was lower in the BDNF and
Exercise+BDNF groups, indicating that BDNF plays a role in body mass regulation regardless of
activity level (BDNF main effect p<0.001; figure 5B). Differences in body mass between groups
were evident in week 1 of the intervention, where the control group was heavier than the
combination group (p<0.05). The control group remained heavier during weeks 2, 3 and 4
(p<0.005), week 5 and 6 (p<0.0001), and week 7 and 8 (p<0.005 and p<0.05). The influence of
BDNF on body mass is further observed within the exercise groups, where the exercise+BDNF
group has a lower body mass compared to the exercise group in weeks 5 (p<0.05), week 6
(p<0.01), week 7 (p<0.005), and week 8 (p<0.01) (figure 5C).
To gain an understanding of the influence of BDNF and exercise on body mass, weekly
food intake was recorded. Average food intake (kcal/day) throughout the study was lower in
the BDNF and exercise+BDNF groups compared to control and exercise (figure 5D) and this was
similar for total food intake for the 8 weeks where the BDNF and exercise+BDNF groups
consumed less food (main effect of BDNF p<0.0001; figure 5E). There was also an interaction
effect (p=0.04), with post hoc analysis showing control to have higher daily food intake
compared to BDNF (p=0.57) and exercise+BDNF (p=0.0003). Additionally, exercise had a higher
daily intake compared to BDNF (p=0.0031) and exercise+BDNF (p<0.0001). The pattern of
weekly food intake can be seen in figure 5F. At week 1 the exercise+BDNF group were eating
less than the control (p<0.005), BDNF (p<0.05), and exercise (p<0.05) groups. Week 3 showed
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that controls were eating more than the BDNF (p<0.05) and exercise+BDNF (p<0.005) groups.
The exercise group intake were higher than the combination group (p<0.05). During week 4,
the exercise+BDNF group ate less than the controls (p<0.01), BDNF (p<0.05) and exercise
(p<0.0001) groups. The exercise mice were eating more than BDNF mice (p<0.01). In week 5 the
exercise+BDNF group was eating less compared to all other groups, controls (p<0.05), BDNF
(p<0.05) and exercise (P<0.005). Week 6 showed a significant difference between the
exercise+BDNF and exercise groups (p<0.05). The average daily food intake for the 8 week
intervention demonstrates that the BNDF group compared to the control group (p<0.05) and
also lower in the combination group compared to the exercise group (figure 5E; p<0.0001).
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Figure 5: Body mass and food intake. (A) Baseline body mass. (B) Terminal body mass. (C)
Weekly body mass. (D) Average food intake. (E) Total food intake. (F) Weekly food intake.
Values are represented as mean ± SEM. Significance indicated by (D): *=p<=0.05 different from
control. #=p<=0.05 different from exercise. Control; BDNF; Exercise + BDNF n=12, Exercise n=11.
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4.2 Glucose Tolerance
The glucose tolerance test (figure 6A) showed a lower plasma glucose at the 15 minute
time point for exercise group compared to the control group (p<0.05), demonstrating the
beneficial effects of exercise training on glucose tolerance. No effect of BDNF was observed.
Area under the curve (AUC) analysis highlighted a significant interaction (p<0.05) and post hoc
analysis demonstrated that the control group showed a close significance compared to exercise
p<0.06 (figure 6B).
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Figure 6: (A) glucose tolerance test. (B) glucose tolerance test represented as area under the
curve. Values represented as mean ± SEM. Significance indicated by: (A) *=p<0.05 control vs
exercise. Control; BDNF; Exercise + BDNF n=12, Exercise n=11.

4.3 Treadmill Test to Exhaustion
To examine the effect of BDNF on exercise performance an exhaustion treadmill test
was conducted. Both BDNF and exercise resulted in a main effect for a longer time to
exhaustion compared to the control group (BDNF p=0.0016 and exercise p=<0.0001; figure 7A).
Similar main effects for BDNF and exercise were observed for distance travelled (BDNF
p=0.0016 and exercise p<0.0001; figure 7B) and work (J) completed (BDNF p<0.009 and exercise
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p<0.0001; figure 7D). Analysis of final speed achieved revealed a significant interaction
(p=0.006) where the BDNF (p=0.002), exercise (p<0.0001), and exercise+BDNF (p<0.0001)
groups achieved a faster speed compared to the control group (Figure 7C). The exercise
(p=0.0086) and exercise+BDNF (p=0.0197) groups achieved a faster speed compared to the
BDNF group (figure 7C). A main effect for exercise (p<0.0001) as well as a significant interaction
(p=0.003) was observed for Power output (W). Post hoc analysis showed both exercise groups
produced significantly more power than non-exercise groups (p<0.0001; Figure 7E). Together
these results demonstrate that BDNF alone can improve exercise performance on this test to
exhaustion however not to the same extent as exercise.

32

B.

Interaction p = 0.28
Exercise p < 0.0001
BDNF p = 0.0016

Interaction p = 0.45
Exercise p < 0.0001
BDNF p = 0.0016

Distance (m)

80
60
40
20

3000
2000
1000

Control

30
20
10
0

Control

Exercise

Control

Exercise

Exercise

Interaction p = 0.0003
Exercise p < 0.0001
BDNF p = 0.85

E.

D.
Interaction p = 0.77
Exercise p < 0.0001
BDNF p = 0.009

****

100

0.025

80

0.020

Power (W)

Work (J)

*

40

0

0

*# *#

50

4000

100

Time to Exhaustion (min)

Interaction p = 0.006
Exercise p < 0.0001
BDNF p < 0.02

C.

Speed Acheived (m/sec)

A.

60
40
20

0.015
0.010
0.005

0

0.000
Control

Control

Exercise

Saline

Exercise

BDNF

Figure 7: (A) Time to exhaustion. (B) Distance. (C) Speed achieved. (D) Work. (E) Power. Values
represented as mean ± SEM. Significance indicted by: (C) *=p<0.005, #=p<0.05. (E)
****=p<0.0001. Control; BDNF; Exercise + BDNF n=12, Exercise n=11.
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4.4 In vitro muscle contractility
Following the differences seen in the treadmill to exhaustion we examimed the EDL and
soleus muscles in vitro for differences in contraction and fatigue. The EDL force-frequency curve
(FFC) showed a main effect for frequency (p<0.0001) and treatment (p<0.0005). EDL post hoc
analysis showed the exercise+BDNF group produced more force compared to control at 100Hz
(p<0.05) and 150Hz (p<0.01; figure 8A). This was also true at 150Hz for the combination group
in relation to the force produced by the BDNF group (p<0.05). Two way ANOVA analysis of EDL
tetanic max rate of contraction (+dF/dt) and relaxation (-dF/dt) showed a main effect for
exercise, p=0.001 and p=0.004 respectively. 50% rundown time showed an interaction between
groups and the BDNF group to be significantly slower than the control group (p=0.04). Relative
forced showed a main effect for exercise (p=0.03; figure 8F).
No significant differences were seen in the contractility for the soleus. These differences
may be due to the effect BDNF could be having on muscle phenotype (figure 9).
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4.5 Skeletal Muscle Fiber type and Cross-Sectional Area
To determine if BDNF had an effect of muscle fiber type composition
immunofluorescent analysis of fibers types was performed. In the EDL there was a main effect
of exercise on increasing fiber number (p=0.008; figure 10A) and on reducing type IIB fiber
percentage (figure 10C; p=0.008). There was no effect of BDNF on fiber number or percent fiber
type. However there was an interaction that was approaching significance (p=0.06) for type IIA
fibers (figure 10F). No other significance for fiber analysis was shown for EDL.
In the SOL there were no differences between groups for fiber number (figure 11A).
there was a main effect for exercise (p<0.0001) and BDNF (p=0.01) on type IIA percentage
(figure 9C). Type IIX, IIA and I/IIA all showed interactions between groups for CSA. The BDNF
group had a larger CSA than the combination groups in type IIX fibers (p=0.03) and
exercise+BDNF group had smaller fiber CSA than the exercise groups in type IIA and I/IIA fibers
(p=0.02; p=0.04).
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4.6 Western Blotting Analysis

4.6.1 BDNF Content and Signalling
Acute exercise is known to increase BDNF content and TrkB expression (Matthews et al,
2009), thus we examined if chonic exercise showed the same outcomes. In the EDL there was
seen to be a main effect for exercise showing a decrease in mature BDNF (figure 12A; p<0.05)
and mature BDNF/pro BDNF (p<0.05). TrkB data showed an exercise main effect for increased
TrkB expression (p<0.05) and a decreased pTrkB/TrkB (figure 12B) however, no effect of BDNF
was observed. In the SOL no significance was observed in pro BDNF, TrkB, or pTrkB (figure 13A
and B). Mature BDNF was not detectable in the SOL. There was a significant interaction for
pTrkB/TrkB (p = 0.046), however multiple comparison analysis did not reveal any significant
differences (figure 13B).
With previous evidence of treatment with a BDNF mimic being shown to increase
markers of mitochondrial biogenesis (Wood et al, 2018), these were also examined, however
no significant differences were found in the EDL for CREB, AMPK or CaMK (figure 14A/B/C).
Analysis of downstream markers of BDNF/TrkB signalling revealed no differences between
groups in either the EDL (figure 14) or the SOL (figure 15).
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4.6.2 Mitochondrial Proteins
Increases in skeletal muscle mitochondrial proteins typically occurs with endurance
training and therefore we aimed to determine if BDNF had a similar effect on mitochondrial
proteins. In the EDL two way ANOVA analysis showed a main effect for increased CS in the
exercise groups (figure 16C; p<0.05). There was an effect of BDNF for increased COXIV and
citrate synthase in the EDL (main effect p=0.06; figure 16 B and C). In the soleus, there was an
exercise main effect for higher PDH (figure 17D; p<0.05). No effect of BDNF was observed in the
SOL.
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Figure 16: EDL mitochondrial markers and representative blot analysis. (A)
PGC1alpha, (B) COXIV, (C) CS and (D) PDH expression. Values represented as mean
± SEM. Significance indicated by: *=p<0.05 exercise main effect. Control; BDNF;
Exercise +BDNF n=12, Exercise n=11..
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Figure 17: SOL mitochondrial markers and representative blot analysis. (A)
PGC1alpha, (B) COXIV, (C) CS and (D) PDH expression. Values represented as
mean ± SEM. Significance indicated by: *=p<0.05 exercise main effect. Control;
BDNF; Exercise +BDNF n=12, Exercise n=11.
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4.6.3 SERCA Content
Due to the observed differences in the muscle contractile data we hypothesized that
SERCA content may be influence by exercise and BDNF. However there was no significant
difference observed in SERCA1 (figure 18A) or SERCA2 (figure 18C) content in the EDL or SOL
muscles (SERCA1 figure 18B; or SERCA2 figure 18D).
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4.6.4 Serum BDNF levels
Two-way ANOVA analysis of serum BDNF showed a main effect (p = 0.007) for higher
BDNF content in the BDNF groups compared to other groups.
Interaction p = 0.053
Exercise p = 0.89
BDNF p = 0.007
150
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BDNF
100
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0
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Figure 19: Circulating serum BDNF content. Values represented as mean ± SEM. BDNF main
effect. Control; BDNF; Exercise +BDNF n=12, Exercise n=11.
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Chapter 5: Discussion
This thesis provides a novel examination of the effects of subcutaneous BDNF
administration and progressive endurance training on muscle metabolism, fiber typing, and
muscle contractile function in the mouse soleus and EDL. The current data also highlights the
influence of BDNF on appetite regulation and body mass as a reduction in food intake was
observed during the study. This research demonstrates that BDNF alone has the ability to
increase exercise capacity and prolong fatigue in a treadmill test to exhaustion. Our isolated
muscle preparations demonstrated that BDNF enhances EDL max rate of relaxation to a similar
extent as exercise alone, and that BDNF may play a role in fatigue resistance in the SOL. While
there were no effects of BDNF on EDL muscle fiber CSA or fiber type, there was an effect in the
soleus where BDNF resulted in a reduction in type IIA fibers and an increase in type I/IIA fibers.
To further explore the mechanisms underlying the improvements in endurance capacity and
isolated muscle contraction mitochondrial protein content was examined. BDNF resulted in an
increase in COXIV and CS in the EDL but had no effect in the soleus. While endurance training
resulted in increased EDL CS as well as soleus CS and PDH, suggesting that BDNF alone can
increase markers of oxidative metabolism. The present research is novel for using a healthy
mouse model to show the effects of BDNF on appetite and weight regulation as well as the
influence of chronic BDNF administration and exercise training to positively influence exercise
capacity and fatigue status of predominately glycolytic muscle fiber phenotype. We provide
evidence that BDNF is contributing to the endurance training adaptations that are observed in
skeletal muscle.
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5.1 Body Mass and Food Intake Differences
It has previously been demonstrated that BDNF can play a role in rodent food intake
(Nakagawa et al, 2000), although the doses of BDNF utilized in these previous studies were
supraphysiological (20 mg/kg/day) compared to the more physiological dose utilized in our
study (0.5 mg/kg·bw). Given this previous work, it was important to track body mass and food
intake in our study. In our study, BDNF resulted in a lower body mass compared to the control
and exercise alone groups (figure 5B and 5C). An explanation for these differences in body mass
in the BDNF treated groups could be due to the effects of BDNF on appetite regulation as
shown from the food intake data (figure 5D, 5E, and 5F). Average food intake was lower for
BDNF and the combination groups compared with control and exercise alone groups (9.5
kcal/day in BDNF group, 8.6 kcal/day in exericse+BDNF group compared to 10.9 kcal/day in
control and 11.4 kcal/day in exercise group). These findings are consistent with previous
literature from Nakagawa et al (2000) and Ono et al (2000) who showed subcutaneous injection
of ~3µl and 1-70mg/kg respectively of BDNF to significantly reduce food intake through
appetite suppression in a db/db obese mice model. To further support a role for BDNF in
appetite regulation, BDNF has been implicated in leptin regulation, a peptide hormone that
plays an important role in energy balance and inhibition of hunger. Dysregulation through
compromised BDNF signalling within the hypothalamic neural circuits, due to lack of leptininduced BDNF mRNA translation can lead to leptin resistance, resulting in obesity (Liao et al,
2012). Given these findings, one could speculate that an abundance of BDNF could result in
hyperactivity of the hypothalamus, resulting in an anorexigenic effect of BDNF. This reduction in
food intake is reflected in the body mass data, showing BNDF alone to have a significantly lower
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body mass compared to the control and exercise groups. This could be due to reduced energy
intake evidenced by our food intake data, or it could be due increased energy expenditure
through adipose tissue browning (Colitti and Montanari, 2020; You et al, 2020). Our work gives
implications for BDNF as an effective tool for weight management.
It is also important to consider how exercise itself may influence food intake. Exercise
was shown to result in a higher daily average food consumption without BDNF administration
(figure 5E) that translated into a significantly higher body mass in the final week of the study
compared to the exercise + BDNF group (figure 5C). Previous work (Swallow et al, 2001;
Bhattacharya et al, 2005) has observed an increased food intake due to exercise, potentially as
a compensation for elevated energy expenditure. Unfortunately at the time of this study we did
not have access to an animal DXA. Body composition would have been an interesting
measurement to include as previous studies have shown gains in lean mass with exercise
training (Bhattacharya et al 2005). Further work by Wang et al in 2010 demonstrated that 3
weeks of BDNF treatment (1 ug BDNF injected into the hypothalamic paraventricular nucleus
via bilateral cannulas every other day) following a 9 week high fat diet resulted in reductions in
energy intake, body mass, fat mass (~31.5% reduction), and lean mass (~7.9% reduction). In
humans subjects correlational work shows that serum BDNF is lower in overweight children and
adolescents (El-Gharbawy et al, 2006). In future studies an examination of the effects of
peripheral BDNF supplementation on body composition should be considered.
The combination of exercise and BDNF supplementation produced the lowest average
daily food intake (figure 5E) and terminal body mass than all other groups. This is potentially
due to the previously discussed anorexigenic influence of BDNF on hypothalamic appetite
52

suppression, which when coupled with increased energy expenditure from exercise, results in
significantly reduced body mass. It is interesting that BDNF treatment seems to have taken
precedent over the potential exercise induced increases in food intake. Our novel approach
makes literature comparison for this data difficult however, given the effect of BDNF on
reducing appetite, which when coupled with increased energy expenditure through exercise, a
lower body mass would be expected (Samaan et al, 2014; Borg et al, 2012). The present data
suggest the combination of exercise and BDNF supplementation to be an effective method of
weight management in a healthy mouse model.

5.2 Glucose Tolerance
Both exercise and BDNF independent of each other have been linked to improved
glucose homeostasis. The beneficial effects of exercise on glucose homeostasis have been
extensively studied over the last three decades. In 1982 Richter et al used a 45-minute
moderate intensity treadmill protocol on previously untrained rats to analyze glucose transport
in skeletal muscle. They found glucose transport and glycogen synthesis to be enhanced up to 4
hours post exercise. This was attributed to increased insulin sensitivity predominately in
glycogen depleted red gastrocnemius compared to white fibers. Additionally, Bronczek et al
(2021) showed improved glucose homeostasis in healthy mice following a 10-week exercise
protocol, which was attributed to increased insulin secretion and reduced expression of
proteins associated with endoplasmic reticulum stress. Furthermore, Ploug et al (1990)
demonstrated a 10-week progressive swimming protocol in rats to increase insulin-stimulated
glucose transport and contraction-stimulated glucose transport. These results were attributed
53

upregulated GLUT4 mRNA and protein content, indicating increased glucose transporter
number in trained fast-twitch red muscle fibers. Previous work has demonstrated that BDNF
administration of 20mg/kg/day for 8 days enhanced glucose uptake in the heart and soleus
muscle of db/db mice, indicating improved glucose homeostasis as a result of BDNF treatment
(Yamanaka et al, 2007). Given this previous work in the field we had anticipated that we would
see improvements in glucose tolerance in all three of our experimental groups. Our findings
only showed significance between the control and exercise groups at the 15-minute time point
and a trend for a reduced area under the curve in the exercise group. The present data may not
reflect previous work due to the mouse model used. Previous work commonly uses diseased
models to show experimental effects, however the current study used healthy mice and
therefore may not be in agreement with the previous literature.
Skeletal muscle is considered the main reservoir for postprandial glucose uptake
(DeFronzo and Tripathy, 2009) and therefore changes to total muscle mass may explain
alterations in glucose uptake. For example, following the exercise training protocol the exercise
group may have increased muscle mass enough to significantly change their response to
glucose through insulin sensitivity. Holten et al (2004) found a significant improvement in
glucose clearance of leg muscle following a training protocol that correlated with an increase in
muscle mass, as well as higher GLUT4 protein content and insulin receptor expression.
Endurance training would result in an increase of GLUT mRNA and protein expression in muscle,
leading to improved glucose transport in skeletal muscle (Ploug et al, 1990). It would therefore
be interesting to examine GLUT4 content in the current samples to tease out what is going on
in relation to GLUT4 expression and glucose transport.
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We did not observe any improvements in glucose tolerance with BDNF alone – while
this is not in line with our hypothesis, it is not entirely surprising as even though our control
mice were considered to have a low physical activity level they are considered to be “healthy”.
Yamanaka et al (2006) repeatedly injected 10mg/kg of BDNF subcutaneously to db/db mice for
4 weeks and found blood glucose concentration to be significantly lower in BDNF-treated mice
compared with vehicle-treated pair-fed db/db mice. Thus, suggesting BDNF alone plays a role in
restoring glucose homeostasis, potentially though β-cell organization and insulin-granule
secretions (Yamanaka et al, 2006). This discrepancy in our findings and previous work may be
due to the fact that much of the previous work was carried out in obese mouse models
(Tsuchida et al, 2002; Nakagawa et al, 2000; Rois et al, 2001) instead of a non-obese, healthy
mouse model as was used in the current research. Further, in the present study, the
exercise+BDNF group showed no differences in glucose tolerance even with undergoing the
same training protocol. The difference being the addition of BNDF and its potential
anorexigenic effects on food intake as previously discussed. Therefore, the combination group
may have not been consuming adequate Kcals, due to BDNF, alongside the exercise protocol in
order to increase muscle mass and improve glucose tolerance. This theory is supported by the
terminal body mass shown between the groups, with the exercise group weighing significantly
more than the exercise+BDNF group. To fully elucidate if this response is due to differences in
muscle mass future studies should examine the effects of BDNF on body composition.
Even though BDNF has been implicated in the control of blood glucose, it is suggested
this is partly due to its hypophagic effect. The majority of the literature relating BDNFs effect of
glucose homeostasis is from diseased models, where it is shown to lower blood glucose via the
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regulation of insulin signalling pathways (Nonomura et al, 2001). However, the influence of
BDNF alone on glucose homeostasis in healthy mouse models are rare, making comparison of
current results to previous literature difficult. The fact that BDNF shows influence in disease
models but is presently shown to have no effect in healthy mice could suggest an imbalance of
glucose homeostasis is required for BDNFs actions to become apparent.

5.3 Exercise Capacity
It is well established that exercise training results in adaptations in muscle that
contribute to the resistance of muscular fatigue. Here, a treadmill test to exhaustion was
utilized to evaluate exercise capacity and endurance across our experimental groups. The
exercise groups showed a prolonged resistance to fatigue by taking a longer time to exhaustion
compared to the control mice (46 min and 68 min in the exercise and exercise+BDNF groups
compared to 21 min and 33 min in the control and BDNF groups), which is in agreement with
previous literature (Southern et al, 2017; Ferreira et al, 2007). Previous research in humans has
examined the correlation between elevated plasma BDNF levels in trained athletes vs
untrained, control individuals, suggesting BDNF contributes to increased physical performance
markers such as VO2max and power generating capabilities (Zoladz et al, 2008; Correia et al,
2011). Our work is the first to demonstrate that BDNF administration increases resistance to
fatigue independent of exercise status (Figure 7A). But additionally, we show an exaggerated
effect of fatigue resistance with a combination of BDNF administration and exercise training
(Figure 7A).
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It is well documented that endurance exercise causes muscle adaptations to fatigue,
realized through increased mitochondrial protein content and enzymatic activity (Holloszy, JO.
1967; Irrcher et al, 2009). PGC-1α is considered the master regulator in the process of
mitochondrial biogenesis via AMPK activation in response to physiological stress (Calvo et al,
2008). However, in the present study no significant changes were observed for PGC-1α content.
In contrast, Terada and Tabata (2004) found a significant elevation of PGC-1α expression in the
rat soleus at 6 and 18-hours after following a 6-hour treadmill running protocol (2x3hour with
45-minute rest period) – demonstrating the acute effects of exercise on this transcriptional
regulator. The authors suggest that exercise-induced PGC-1α expression may be regulated by
separate signalling pathways, AMPK or Ca2+ elevation. PGC-1α has also been shown to increase
following chronic exercise. Moore et al (2019) utilized a 30-day voluntary wheel running
protocol in C57BL/6J mice to demonstrate a 2.7-fold increase in gastrocnemius PGC-1α content
when analyzed 30 hours after wheel locking occurred. The reason for no observed changes in
PGC-1α in the current study is unknown, however our endurance training protocol did increase
the mitochondrial proteins, PDH and CS in the soleus and CS the EDL. CS is a key regulatory
enzyme within the tricarboxylic acid cycle that catalyzes oxalacetate and acetyl coenzyme A to
form citrate and therefore a marker of oxidative capacity. The present results are in agreement
with a study conducted by Siu et al (2003) who used a similar 8-week progressive endurance
training protocol, finding soleus CS content to be 25% higher 48-hours after the final training
session. The trend of increased COXIV in both EDL exercise groups is supported by Ikeda et al
(2006) who observed a 1.38- and 1.45-fold elevation in glycolytic plantaris and tibialis anterior
respectively following 8-weeks of voluntary resistance wheel running. Previous literature
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however suggests exercise training results in an increase of PDH protein content. Ringholm et al
(2013) showed voluntary wheel running from 3 to 15 months of age increased EDL PDH content
of wild type mice fed a chow diet compared to untrained mice. These findings of the present
research further indicate the endurance exercise protocol utilized in the current study was
successful in increasing markers of oxidative energy metabolism. BDNF alone increased COXIV
and CS in the EDL but did not alter mitochondrial protein content in the soleus. These results
indicate that BDNF may play a role in the exercise induced increases in mitochondrial proteins
however these contributions may be small and skeletal muscle fiber type dependent.

5.4 Muscle Contractility and Fibre Type
Our isolated muscle contraction experiments revealed muscle type specific adaptations
to exercise and BDNF. While there were no significant differences in contractile properties
between groups in the soleus the EDL displayed some interesting findings. The force-frequency
curve showed the exercise+BDNF group to maintain a higher force output at greater
frequencies compared with control and BDNF alone (Figure 8A). Even though not significant,
exercise alone showed a similar tread in force production. This higher force output for exercise
corresponds with a main effect seen for the increased fiber number for exercise (figure 11B).
This is consistent with Zhao et al (2020) that concluded lifelong treadmill endurance training
slowed the loss of muscle mass through, fiber hyperplasia of the mouse gastrocnemius.
Therefore, hyperplasia may contribute to the max rate of contraction and force production due
to increased fiber number and recruitment.
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Furthermore, exercise was shown to produce a main effect for max rate of contraction
(+dF/dt) and max rate of relaxation during tetanus (Figure 8B). These findings are consistent
with Popov et al (2019) who showed a 2-month endurance exercise program to increase power
of one-legged knee extension. There was also a main effect of BDNF on max rate of EDL
relaxation – indicating that BDNF may also contribute to the exercise induced adaptations. In
support of this finding, BDNF has been shown to recover contractile strength in fast twitch
muscle fibers of mouse models of Kennedy’s disease, suggesting a potential influence of BDNF
on muscle contractile properties (Halievski et al, 2020). Further, Nelson et al (2016) found that
short-term intramuscular BDNF injection (1µl in 100µl saline) of rabbit superior rectus muscle,
significantly prolonged relaxation duration. Interestingly, they stated these results were seen
independent of any significant changes in SERCA1 or 2 protein expression. This was observed in
slow twitch/oxidative muscle; however, the current findings suggest there is potential
application for an influence on glycolytic muscle fibers.
It is possible that these exercise and BDNF induced adaptations are due to changes in
SERCA pump efficiency, increasing its ability to clear Ca2+ from the cytosol. Muscle relaxation is
achieved through the detachment of force-generating cross-bridges, located on myosin
filaments from tropomyosin sites on the actin filaments. This process occurs due to the
disassociation of Ca2+ from troponin C, inhibiting cross-bridge formation because of sarcomere
Ca2+ clearance (Gordan et al, 2000). The rate of muscle relaxation is strongly linked to the rate
of Ca2+ sequestration by the sarcoplasmic reticulum, which in fast twitch muscle is largely
achieved via SERCA1 active transport (Kubo et al, 2003). The faster rate of relaxation observed
in exercise groups in the current study may contribute to an improved resistance to fatigue due
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to SERCA1 activity as a result of intervention. An increase in the efficiency of SERCA1 Ca 2+
sequestering from the cytoplasm would require less energy for Ca2+ reuptake during relaxation.
Therefore, more energy would be available, thus result in an ability to exercise for longer. It is
well accepted that the SERCA1 is highly expressed in fast-twitch fibers and increases with
exercise training. Ferreira et al (2010) observed elevated levels of SERCA1 in the plantaris
following an 8-week progressive endurance training program. However, the present study did
not reflect these findings in EDL SERCA1 content. Furthermore, Ferreira et al (2010) showed
significant increases in both dihydropyridine (DHPR) and ryanodine receptor (Ryr) expression
following the same training protocol in both plantaris and soleus muscles. Given upregulation
of SERCA expression is associated with better contractibility in skeletal muscle, combined with
the role of the DHPR-Ryr complex (Ferreira et al, 2007), their collaboration may provide a
potential explanation for the significance seen between exercise groups relating the max rate of
contraction and relaxation in the EDL. Although we did not observe any differences in SERCA
protein content between our experimental groups this does not discount changes in SERCA
activity or efficiency which could be examined in future studies.
50% rundown time showed the BDNF group to fatigue significantly faster than controls,
which was an unexpected finding. However, a potential explanation may come from the fiber
type data. The BDNF group had a lower percentage of type IIA fibers compared to the control
group, suggesting a less oxidative muscle phenotype and therefore may have less resistance to
fatigue. This is in agreement with Delezie et al (2019) who suggested BDNF treatment to result
in a glycolytic fiber type shift. On the other hand, BDNF in combination with exercise appears to
have an additive effect on type IIA fibers with a close significance compared to exercise alone.
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The combination of both treatments may result in an oxidative fiber type phenotype. However,
these conclusions are speculative due to the small sample size (n=4) within the present study. A
larger sample size is needed for further investigation of fiber type changes.
While there were no differences observed in the soleus in relation to contractility, there
were changes in fiber type. Exercise showed a main effect of reducing type IIA fibers as well as
close significance for increased type I/IIA fibers. Additionally, BDNF showed a close significant
main effect for reduced type IIA and a significant increase in type I/IIA fibers. This suggests
BDNF may be causing a fiber type shift to more oxidative fibers. However this is not reflected in
the 50% rundown data. The cross sectional area of the combination group was found to be
lower in type IIA and type I/IIA fibers compared to exercise, as well as type IIX fibers compared
to BDNF. Together this indicates that BDNF is resulting in similar fiber type adaptations as is
induced by exercise training, however this data, along with the contractile data, is pilot and a
larger sample size is needed to fully evaluate fiber type parameters.

5.5 BDNF Content and Signaling
In the present study, contrary to our hypothesis there was no change in pro-BDNF
content and a main effect of exercise in reducing mature BDNF content in the EDL muscle.
Gomez-Pinilla et al (2002) showed 3 days of voluntary wheel exercise to significantly increase
BDNF mRNA, which then returned to baseline levels at 7 days of voluntary exercise. Although
the initial spike in BDNF mRNA was after acute exercise, the subsequent drop could be due to
this mRNA being transcribed into BDNF protein or being degraded prior to translation.
Unfortunately, the authors of this study did not measure BDNF protein content. Of note is that
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in our study, exercise had a main effect on increasing TrkB protein expression in the EDL. This
data is in agreement with previous literature by Gomez-Pinilla et al (2002) who documented a
185% increase of TrkB mRNA in the rat soleus muscle following 3 days of voluntary wheel
running exercise, which over time could be translated into more protein and enhance TrkB
content. An increase in TrkB protein expression may be an indication of muscle sensitivity to
BDNF and therefore reduce the need for mature BDNF production, thus explaining the
reduction in mature BDNF observed in our study. The current research shows novel data of a
chronic effect in upregulation of TrkB expression and potential effect on mature BDNF signalling
in fast-twitch muscle fibers following an 8-week endurance training protocol.

Limitations and Future Directions
Trying to tease out the role of BDNF on skeletal muscle adaptations to exercise is a
difficult task. In the current study we utilized a model in which we treated mice with BDNF and
compared that to exercise training alone and in combination. While we were able to
demonstrate some similarities in the adaptations to BDNF and exercise alone (Table 1) we still
do not have a definitive understanding of the role of BDNF in skeletal muscle in response to
exercise training. One future option may be to generate skeletal muscle specific BDNF knockout
mice and to examine the endurance training adaptions in this model. However, while this may
account for muscle specific BDNF it does not account for all of the other BDNF producing tissues
and cells, such as platelets, adipose tissue, and the brain. Perhaps a more appropriate model to
determine if BDNF is required for skeletal muscle adaptations to endurance exercise would be
to generate a muscle specific TrkB knockout or to utilize a TrkB agonist.
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An interesting outcome of our work is the effects of BDNF alone and in combination on
food intake and body mass. As discussed previously, work can be done to examine changes in
BDNF and leptin signalling in the hypothalamus. But future work should also examine
alterations in whole body energy expenditure as well as body composition. It has previously
been demonstrated that BDNF treatment can alter adipose tissue mitochondrial content and
importantly UCP1 content (Tsuchida et al, 2001). Therefore, in addition to the effect of BDNF on
reducing food intake, it is possible that BDNF treatment is increasing energy expenditure
through mechanisms related to adipose tissue (Wang et al, 2007).
An additional limitation of this study may be the small sample size in the fiber typing
data. The sample size used here was small (n=4) and therefore would benefit from additional
samples to potentially extract any significance missed due to small sample size. As a result of
the current findings, further research could focus on the influence of BDNF on the forcefrequency curve and the rate of relaxation in glycolytic muscle due to most outcomes being
apart in this fiber type. More specifically, while we did not observe changes in SERCA content it
is possible that activity has been altered. Future work should examine SERCA activity and
mechanisms by which BDNF may effect SERCA activity in glycolytic muscle.
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Table 1. Summary table comparing investigation outcomes between experimental groups.
Comparison of adaptations to BDNF, endurance training and combination
Outcome
BDNF
Endurance Training
Combination
Body mass
↓
--↓
Food intake
↓
↑
↓
Glucose Tolerance
--↑
--Mitochondrial
EDL↑ (COXIV, CS)
EDL↑ (CS)
EDL↑ (COXIV, CS)
proteins
SOL↑ (CS, PDH)
SOL↑ (CS, PDH)
BDNF
--EDL↓ (Mature BDNF) EDL↓ (Mature BDNF)
TrkB
--EDL↑ (TrkB)
EDL↑ (TrkB)
SERCA1
------SERCA2
------Force
----↑ EDL
Treadmill test to
↑
↑
↑
exhaustion
Max Rate of
--- EDL
↑ EDL
↑ EDL
Contraction
Max Rate of
↑ EDL
↑ EDL
↑ EDL
Relaxation
Resistance to Fatigue --↑ EDL
----↓ SOL
↓ SOL
Fiber Number
--↑ EDL
↑ EDL
Fiber CSA
--↑ EDL
↑ EDL
----↓ SOL

Conclusion
This thesis provides novel information regarding the long-term effect of BDNF on weight
management through a reduction in daily food intake for BDNF alone as well as the
combination group. Moreover, the present study shows BDNF to further enhance the
adaptations of exercise to endurance training as seen in a treadmill test to exhaustion.
Potentially through sustained increases in markers of oxidative metabolism observed for COXIV
for EDL and CS within EDL and the soleus. This work is the first to show BDNF to attenuate the
adaptations of exercise on force production as well increase the rate of relaxation during
tetanus when administered in a control mouse model within the EDL but not soleus. These
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novel findings suggest chronic influences of BDNF point towards glycolytic muscle contractibility
and fatigue resistance, as well as a contribution in the upregulation of mitochondrial markers
such as CS. Together, this work demonstrates that BDNF may contribute to some of the
observed endurance training adaptations but not all of them.
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Figure 20: Summary of main outcomes for exercise, BDNF and Exercise + BDNF.
Inlcuding food intake; test to exhaustion; mitochondrial proteins; signalling;
corss sectional area and relaxation rate.
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