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Abstract
The purpose of this thesis was to examine changes in the expression of translation
regulatory proteins following both an acute bout of endurance exercise and chronic muscle
contractile activity. In experiment 1, female Sprague-Dawley rats ran for 2 h at 15 m/min
followed by an increase in speed of 5 m/min every 5 min until volitional fatigue. Red
gastrocnemius muscle was harvested from non-exercised animals (control), immediately
following cessation of exercise (0 h) and after 3 hours of recovery (3 h). Compared to control,
rpS6 mRNA was elevated (p < .05) at both 0 h (+32%) and 3 h (+47%). Both eIF2Bε (+127%)
and mTOR mRNA (+44%) were higher than control at 3 h, while eIF4E decreased (-24%)
immediately following exercise (p < .05). Phosphorylation of mTOR (+40%) and S6K1 (+266%)
also increased immediately post-exercise (p < .05). In experiment 2, female Sprague-Dawley rats
underwent chronic stimulation of the peroneal nerve continuously for 7 days. The red
gastrocnemius muscle was removed 24 h following cessation of the stimulation. Chronic muscle
stimulation up-regulated (P < .05) mTOR protein (+74%), rpS6 (+31%), and eIF2α (+44%, P <
.07), and this was accompanied by an increase in cytochrome C (+31%). Phosphorylation of rpS6
(Ser235/Ser236) was increased (+51%, P < .05), while mTOR (Ser2448) and 4E-BP1 (Thr37/46)
did not change. These experiments demonstrate that acute and chronic endurance contractile
activity up-regulate the mTOR signalling pathway and mitochondrial content in murine skeletal
muscle. This up-regulation of the mTOR pathway may increase translation efficiency and may
also represent an important control point in exercise mediated mitochondrial biogenesis.
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Chapter 1
Introduction
1.1 General Introduction
Skeletal muscle is a plastic tissue capable of phenotypical adaptations to meet demands
associated with environmental stress. These adaptations require a shift in the balance of protein
turnover to anabolic processes that promote protein synthesis, resulting in skeletal muscle
hypertrophy and mitochondrial biogenesis. Protein synthesis is regulated via transcriptional and
translational activities including gene transcription and subsequent translation into functional
protein. The initiation of gene transcription and translation necessary for protein synthesis
involves complex signalling pathways that sense, and integrate chemical and mechanical changes
within the cell in response to exercise and other environmental stress. Thus, the goal of this thesis
is to expand our understanding of factors contributing to the regulation of protein synthesis,
specifically translation following aerobic exercise.

1.2 Up-regulation of Regulatory Proteins
One conserved method for increasing cellular processes responsible for adaptive cellular
changes involves increasing the abundance of proteins within the system responsible for its
regulation. For example, increasing peroxisome proliferator-activated receptor gamma coactivator
1-alpha (PGC-1α) content, a transcriptional coactivator that regulates the transcription of
mitochondrial genes [23, 27, 31], is proposed to increase mitochondrial content in response to
exercise [15]. This strategy may also be important in the regulation of protein translation
following exercise; however, whether a similar increase in signalling proteins and/or proteins
directly involved in translation initiation in response to exercise remains unknown.
1

1.3 Translational Control of Protein Synthesis
A member of the phosphatidylinositol 3-kinase-related kinase family known as the
mammalian target of rapamycin (mTOR) is central to one of the signalling pathways responsible
for regulating cellular growth and metabolism [14, 29]. This serine/threonine kinase forms two
complexes, mTOR complex 1 (mTORC1) and complex 2 (mTORC2), that function primarily to
regulate protein translation and organization of the cytoskeleton, respectively [14, 29]. The kinase
activity of mTORC1 targets two key proteins that regulate the initiation of protein translation:
ribosomal protein S6 kinase (S6K1) [16, 19] and eukaryotic translation initiation factor 4E
(eIF4E) binding protein 1 (4E-BP1) [4, 10, 13]. S6K1 is activated by mTORC1 when
phosphorylated, increasing its kinase activity on downstream targets such as ribosomal protein S6
(rpS6), part of the 40S ribosomal subunit involved in translation initiation [7]. Conversely,
mTORC1 inhibits 4E-BP1 via phosphorylation, which prevents its association with eIF4E,
subsequently promoting formation of the mRNA cap-binding complex [24, 25]. This regulation
of S6K1 and 4E-BP1 by mTORC1 is a major component of the signalling pathway linking
upstream changes in growth factors, nutrients, and energy availability to the regulation of protein
translation initiation (Figure 1), and protein synthesis [9, 21].
Upstream of mTORC1, another serine-threonine protein kinase known as protein kinase
B (PKB, also referred to as Akt) also controls the regulation of eukaryotic translation initiation
factor 2B (eIF2B), a guanine nucleotide exchange factor, and subsequently eukaryotic translation
initiation factor 2 (eIF2), part of the translation initiation ternary complex [20]. The regeneration
of eIF2 to its active form, bound to GTP, by eIF2B has been proposed as a major site of
regulation for translation initiation [26]. As such, this PKB/mTORC1 mediated nutrient and
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energy sensing pathway controls the availability of multiple eukaryotic translation initiation
factors required for protein synthesis [21].

Figure 1. Translation initiation regulatory proteins examined in this thesis. Solid lines indicate direct
interactions. Arrows are positive interactions and rounded ends are negative interactions.

1.4 Thesis Focus and Experimental Approach
In skeletal muscle, mTORC1 and other components of the mTORC1 signalling pathway
are integral in the regulation of protein synthesis [1, 2, 5, 6, 8, 18, 22, 28, 30]. Results from
previous research are equivocal as to whether chronic adaptations to the mTORC1 pathway
occur, similar to what is observed with transcription, in response to exercise [3, 11, 12, 17, 22,
32]. At present, there is no study that has examined changes in gene expression or protein content
of the PKB/mTORC1 pathway as a whole in response to acute or chronic exercise of any type.
3

Investigating these adaptations systemically may provide insight as to whether up-regulation of
translation initiation regulatory proteins is involved in increasing protein synthesis in response to
myocellular stress. Therefore, the aim of this thesis was to determine whether there is a
systematic up-regulation of the mTORC1 pathway and other key regulatory proteins of
translation initiation following aerobic muscle contractile activity. To achieve this we utilized
female Sprague-Dawley rats for both acute and chronic aerobic muscle contractile experiments to
examine changes in gene expression and protein content of translation regulatory proteins,
respectively.

1.5 Thesis Objective
To examine changes in gene expression following an acute bout of endurance exercise
and changes in protein content of translation initiation regulatory proteins in rat skeletal muscle
following chronic muscle stimulation.

1.6 Thesis Hypothesis
An acute bout of endurance exercise will increase gene expression levels, while chronic
muscle stimulation will increase total abundance, of mTORC1 pathway proteins associated with
the positive regulation of protein translation in rat skeletal muscle. Conversely, inhibitory
translation regulatory proteins will either remain the same or decrease following either acute
endurance exercise or chronic muscle stimulation in rat skeletal muscle.
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Chapter 2
Literature Review
2.1 Overview
This review will cover the topics of aerobic exercise and its role in metabolic health,
regulation of protein synthesis in skeletal muscle, the role of mTOR in skeletal muscle function,
the downstream targets and upstream regulators of mTORC1, regulation of this signalling
pathway via nutrient and energy availability, and finally adaptations to mTOR and other
regulators of translation initiation in responses to exercise.

2.2 Exercise and Muscle Metabolic Health
An increase in skeletal muscle oxidative capacity is associated with improved metabolic
health [41, 88, 89]. Aerobic exercise increases oxidative capacity, and therefore mitochondrial
oxidative capacity, by inducing mitochondrial biogenesis [56]. Specifically, increases in
mitochondrial content lead to improvements in mitochondrial function such as reduced rates of
muscle glycogen and blood glucose use, a greater reliance on fat oxidation, and lower lactate
production at a given intensity of aerobic exercise [57]. In addition, aerobic exercise is also an
effective method of improving insulin sensitivity [53] and reducing the risk for development of
type 2 diabetes mellitus [132]. The health benefits experienced as a result of adaptations in
skeletal muscle in response to aerobic exercise, including mitochondrial biogenesis, require the
synthesis of new protein [122]. As such, there is a need to identify the mechanisms by which
protein synthesis is regulated to orchestrate skeletal muscle adaptations in response to aerobic
exercise.
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2.3 Regulatory Sites of Protein Synthesis
Proper muscle function, and muscular adaptation to exercise, would not be possible
without the synthesis of proteins. There are several possible sites of protein synthesis regulation
including transcription of DNA into mRNA and translation of mRNA into protein. One conserved
method of regulation involves the control of protein content of factors that are essential for the
regulation of cellular processes. Thus, there is the potential for increases in the availability of
both transcription and translation regulators to increase protein synthesis. This section will outline
the major steps of both transcription and translation, due to their role in regulating protein
synthesis, and how they are both involved with exercise induced adaptations in skeletal muscle.

2.3.1 Transcription and Its Regulation in Response to Exercise
Transcription is the process by which RNA is created from DNA, and it requires three
main steps: initiation, elongation, and termination. First, transcription factors and RNA
polymerase, a catalytic enzyme, bind to the promoter region of a gene, located just upstream of
the start site where transcription begins. The recognition of the promoter site initiates unwinding
of the DNA double helix structure and allows the first ribonucleotide triphosphates (ex. ATP,
GTP, CTP, and UTP) to find their complementary bases on the unwound DNA template strand,
forming new phosphodiester bonds with each other. This process continues as RNA polymerase
dissociates from the promoter region, moving along the DNA template strand and continuing to
unwind it, adding more ribonucleotide triphosphates to the newly forming RNA strand in what is
referred to as elongation. Finally, when RNA polymerase reaches the termination point it
dissociates from the DNA template strand, leaving a fully formed strand of RNA. The control of
transcription occurs mainly at the initiation stage, where transcription factors bind to specific
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regulatory sequences on a DNA strand which either promote or inhibit promoter recognition and
therefore transcription of a particular gene [42, 60].
Proteins known as transcription cofactors also function to promote or inhibit transcription
of a gene by binding directly to particular transcription factors. An example of a transcription
cofactor involved in this process is PGC-1α, which regulates transcription of nuclear genes
responsible for the expression of mitochondrial proteins involved in fat and carbohydrate
metabolism by interacting with a variety of transcription factors [98]. The ability of PGC-1α to
integrate signals from exercise induced stimuli, such as increases in intracellular calcium and
AMP (representing an increase in energy expenditure), is central to its role as a master regulator
of mitochondrial biogenesis [55] (Figure 2). In response to exercise, PGC-1α is proposed to be
regulated by changes in expression [55], nuclear translocation [47, 83, 136], as well as posttranslational modifications including phosphorylation [55] and deacetylation by silent matingtype information regulator 2 homolog 1 (SIRT1) [46]. Increasing the amount of PGC-1α protein
abundance is one of the key mechanisms by which transcription is regulated in response to
exercise. Since up-regulation of PGC-1α is responsible for increasing the transcription of
mitochondrial genes in response to repeated bouts of exercise, the possibility exists that cells may
also increase the abundance of proteins responsible for regulating the translation of protein.
However, much less is known about adaptations involved in the regulation of protein translation,
specifically concerning changes in translation regulatory protein expression and total translational
capacity.

12

Figure 2. Regulation of PGC-1α and mitochondrial biogenesis in skeletal muscle. Solid lines
represent activation and dotted lines represent translocation.

2.3.2 Protein Translation in Skeletal Muscle
Translation occurs in the cytosol of a cell on a ribosome, where RNA is translated into a
polypeptide chain that makes up a protein. Similar to transcription, this process involves 3 steps:
initiation, elongation, and termination. While eukaryotic elongation factor 2 (eEF2) has been
implicated in the regulation of protein translation during elongation [70], the majority of
translation regulatory sites are involved in initiation [76]. The first step of initiation is the
13

disassembly of the 80S ribosome into the 40S and 60S ribosomal subunits (Figure 3). Next, eIF2GTP and the initiator Met-tRNA join to form what is called the ternary complex. This complex,
along with a number of initiation factors (see Figure 3) associate with the 40S ribosomal subunit
forming the 43S preinitiation complex. The eIF4F cap binding complex (consisting of eIF4E,
eIF4G, and the RNA helicase eIF4A) then binds to the 5’ end of the mRNA and attaches to the
43S preinitiation complex. The preinitiation complex then scans the mRNA to locate the AUG
start codon. Recognition of the AUG codon by Met-tRNA is followed by the hydrolysis of GTP
bound to eIF2. This initiates the release of all preinitiation complex translation initiation factors
and facilitates the association of the 60S to the 40S ribosomal subunit, forming the 80S ribosome
[54, 76]. The second step of translation, where peptide bonds are formed, is elongation. Amino
acids are added to the terminal end of the existing polypeptide chain based on the sequence of the
mRNA codons [60]. This continues until a stop codon, and subsequently a newly formed protein
is released and dissociates from the 80S ribosome [60].
Regulation of translation initiation has been suggested to be dependent on the availability
of eIF4E, eIF2 (in its active GTP bound form), and the ability of eIF2B to function as a guanine
nucleotide exchange factor [74, 85, 86, 90]. Up-regulation of any of these factors in response to
exercise may increase the rate of translation initiation by increasing their availability to interact
with translation initiation complexes. In post-exercise recovery, the signalling pathway
responsible for regulating these protein translation initiation factors is activated [13, 18, 80, 99].
A similar increase in the signalling proteins responsible for activating protein translation may
increase translation initiation by further increasing the availability of the factors that may limit it
(i.e. eIF4E, eIF2, and eIF2B). An integral component of this pathway is the mammalian target of
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rapamycin (mTOR), a nutrient and energy sensing kinase capable of mediating the effects of diet
and exercise induced changes in skeletal muscle protein translation [11, 25, 40, 80].

Figure 3. The process of translation initiation in eukaryotic cells. Adapted from [60, 76].

2.3.3 The mammalian Target of Rapamycin
The name mTOR originates from its inhibition by the immunosuppressive drug
rapamycin, mediated by FK506-binding protein 12 (FKBP12) [43]. mTOR forms two complexes
(Figure 4) called mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2), of which only
mTORC1 is rapamycin sensitive [66, 117]. mTORC1 is comprised of mTOR, the regulatory
associated protein of mTOR (Raptor) [50, 71, 84], mammalian lethal with Sec 13 protein 8
(mLST8, also known as GßL), proline rich AKT substrate 40kDa (PRAS40), and DEP-domain
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containing mTOR-interacting protein (deptor) [104]. The kinase activity of mTOR in mTORC1 is
dependent on both Raptor [17, 96, 119] and mLST8, which also complex with each other [72,
84]. Within mTORC1, deptor [104] and PRAS40 [115, 126] are negative regulators of mTOR
activity. As its name suggests, PRAS40 can be phosphorylated by upstream regulator PKB,
inhibiting its negative action on mTOR [79]. This complex functions to sense and respond to
changes in growth factors, nutrients, and cellular energy status via regulation of protein
translation involved in cell growth and proliferation [34, 76].
In spite of its name, acute rapamycin treatment has no effect on mTORC2, however
prolonged treatment inhibits new formation of the complex [117]. Similar to mTORC1, mTORC2
consists of mLST8 [84] and deptor [104], but also includes the rapamycin insensitive companion
of mTOR (Rictor) [116], mammalian stress-activated protein kinase interacting protein (mSin1)
[35], and protein observed with rictor (Protor, also known as PRR5) [103, 135]. The main role of
mTORC2 is the regulation of the actin cytoskeleton via phosphorylation of protein kinase C [66,
116]. There is also some evidence that mTORC2 phosphorylates PKB [118], an upstream
regulator of mTORC1 [65]. This may represent a possible role for mTORC2 in the regulation of
cell growth and proliferation, which has been observed previously [112]. However, as mTORC1
is primarily implicated in the regulation of protein translation, the remainder of this review will
focus on this complex and its role in protein synthesis.

2.4 Regulation of Translation by the mTORC1 Signalling Pathway
Regulation of translation involves a complex signalling pathway capable of increasing or
decreasing the availability of proteins that can limit protein synthesis. This section will discuss
evidence supporting the mTORC1 pathway as a means of regulating protein synthesis, including
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mitochondrial biogenesis, and will describe the regulation of factors that lie both upstream and
downstream of mTORC1.

Figure 4. mTOR complexes 1 and 2. Figure adapted from [1, 6].

2.4.1 mTORC1 and Skeletal Muscle Function
Several studies have established that mTORC1, and other parts of the PKB/mTORC1
signalling pathway are required for skeletal muscle protein synthesis [2, 7, 11, 25, 32, 65, 80,
110]. Specifically, mTORC1 is required for exercise induced skeletal muscle protein synthesis in
both humans [25] and rats [32, 80]. Transgenic models of PKB/mTORC1 pathway proteins also
demonstrate the importance of this signalling pathway in mediating protein synthesis [40, 65,
131]. Over-expression of PKB, an upstream regulator of mTORC1, induces skeletal muscle
hypertrophy, while treatment with rapamycin results in its inhibition [65]. Over-expression of
upstream regulators of mTORC1, TSC1 and Ras homologue enriched in brain (Rheb), results in
skeletal muscle atrophy [131] and hypertrophy [40], respectively. In this model Rheb overexpression also activates mTORC1 signalling [40]. Skeletal muscle atrophy is also observed with
knockout of mTOR [110], raptor [7, 110], and downstream target of mTORC1, S6K1 [97].
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Knockout of mTOR also results in reduced functional capacity, impaired mitochondrial function,
and ultimately premature death [110], which is a common problem in mTOR knockout models
[37, 44]. Collectively, these findings indicate that mTORC1 is a key factor in the regulation of
skeletal muscle growth and function via regulation of protein synthesis.
While involvement of mTORC1 in the regulation of mitochondrial content is
inconclusive [16, 21, 111], several studies demonstrate that mTORC1 is important for proper
mitochondrial function [16, 21, 111, 120]. Adaptations in protein translation signalling following
endurance training have also been associated with increases in skeletal muscle mitochondrial
biogenesis [134]. Schieke et al. [120] were the first to demonstrate that inhibition of mTORC1
lowers mitochondrial membrane potential, oxygen consumption, and the capacity to produce
ATP. Knockout models of mTOR or raptor result in the reduction of mitochondrial protein
content and expression, oxidative capacity, and interestingly, PGC-1α expression [7, 110, 111].
The mechanism proposed to mediate this decrease in mitochondrial oxidative capacity involves
the interaction of mTORC1 with the transcription factor ying yang 1 (YY1), facilitating its
interaction with the transcription co-activator PGC-1α [21]. YY1 is a transcription factor required
for the expression of mitochondrial and oxidative genes [21]. Inhibition of mTORC1 activity, by
treatment with rapamycin, reduces the expression of those genes in a YY1 dependent manner
[21]. Thus, evidence indicates that mTORC1 is responsible for transcriptional and translation
regulation of mitochondrial biogenesis.
While this evidence points to a major role of mTORC1 in the regulation of mitochondrial
biogenesis potentially via transcription and translation, recent reports indicate that mTORC1 is
not essential for increases in mitochondrial content in cell culture utilizing chronic contractile
activity [16]. However, in this model inhibition of mTORC1 also resulted in a decrease in
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mitochondrial respiration [16]. It is possible the up-regulation of mitochondrial content in this
model is over-compensating for the decrease in respiration seen with mTORC1 inactivation.
Consequently, while there is disagreement as to whether mTORC1 is required for skeletal muscle
mitochondrial biogenesis in response to exercise, research indicates its necessity for proper
mitochondrial function [16, 21, 111, 120]. However, as protein synthesis is necessary for
mitochondrial biogenesis, the involvement of mTORC1 and other members of the PKB/mTORC1
signalling pathway are implicated in the regulation of mitochondrial content.

2.4.2 Downstream Targets of mTORC1
The major phosphorylation targets of mTORC1 are S6K1 [59, 67] and 4E-BP1 [9, 38,
51]. Phosphorylation and activation of S6K1 by mTORC1 mediates cell growth [30, 31] and
promotes S6K1 mediated phosphorylation of a number of proteins including: rpS6, a component
of the 40S ribosomal subunit [1, 29], eIF4B and programmed cell death 4 (PDCD4), both
involved in regulation of the RNA helicase eIF4A [22, 107], the eIF2B inhibitor glycogen
synthase kinase 3 (GSK-3) [124, 125], and insulin receptor substrate 1 (IRS-1) [127]. Inactive
S6K1 associates with eIF3 until phosphorylated by mTORC1, allowing it to phosphorylate its
many downstream targets [58]. Knockout of S6K1 results in skeletal muscle atrophy [97];
however, this has also occurred independently of a decrease in protein translation [91]. Knockout
of S6K1 also provides protection against diet-induced obesity and increases insulin sensitivity,
due to its role as a regulator of IRS-1 [129]. Interestingly, this model also increases the expression
of PGC-1α and other oxidative phosphorylation genes in adipocytes, as well as mitochondrial
content in skeletal muscle [129]. This may be due to the feedback loop between S6K1 and IRS-1
(see Figure 5). Knockout of S6K1 would lead to removal of its feedback control of IRS-1,
potentially increasing activation of IRS-1 and subsequently the mTORC1 pathway in response to
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insulin or IGF-1 above normal levels. Thus, increased activation of mTORC1 could have resulted
in the increase in mitochondrial protein. Despite a lack of understanding as to the role of S6K1 in
the regulation of mitochondrial proteins, it has been implicated as a key regulator for numerous
translation factors necessary for translation initiation and subsequently protein synthesis.

Figure 5. The PKB/mTORC1 signalling pathway. Solid lines indicate direct interactions, while dotted
lines indicate indirect activation. Note: S6K1 also phosphorylates and inhibits GSK-3 and PKB
phosphorylates mTOR in complex 1 (not shown). Figure adapted from [6].

Inhibition of 4E-BP1 by mTORC1 mediates cell growth and proliferation via its
regulation of mRNA cap binding [23, 30, 31, 119]. Phosphorylation of 4E-BP1 releases it from
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eIF4E, allowing eIF4E to form the eIF4F complex with eIF4A and eIF4G, parts of the capbinding complex responsible for attaching mRNA to the 40S ribosomal subunit [85, 86]. Similar
to S6K1, knockout of 4E-BP1 also produces an increase in oxidative phosphorylation gene
expression and the abundance of PGC-1α [128]. Thus, both of these downstream targets of
mTORC1 seem to be involved in the regulation of mitochondrial content. Additionally, the
regulation of S6K1 and 4E-BP1 by mTORC1 is integral in the ability of the mTORC1 signalling
pathway to regulate initiation of protein translation [34, 76] (Figure 5).

2.4.3 Other Initiation Regulatory Sites
Two other important sites of translation initiation involve eIF2 and the guanine
nucleotide exchange factor (GEF) eIF2B. Binding of GTP to eIF2 permits the assembly of the
ternary complex with Met-tRNA, and functions to bind the initiator tRNA to the 40S ribosomal
subunit [74]. eIF2B mediates the regeneration of active eIF2-GTP [74]. This enables eIF2 to bind
Met-tRNA and associate with the translation pre-initiation complex, leading to the eventual
location of the start codon and translation initiation [74]. Regulation of eIF2B occurs by both
allosteric and covalent modifications (Figure 6). GSK-3 phosphorylates and inhibits the activity
of eIF2B [68, 133], which is negatively regulated via phosphorylation by PKB [19] and S6K1
[124, 125]. Amino acid availability is also proposed to covalently regulate eIF2B activity via
undefined mechanisms [75]. Competitive inhibitors regulator of G protein signalling 2 (RGS2)
[95] and phosphorylated eIF2 [113] bind the catalytic epsilon subunit of eIF2B (eIF2Bε) to
inhibit its activity. Phosphorylation of eIF2 occurs on the alpha subunit (eIF2α), and is mediated
by four different kinases in mammals: haemin-regulated inhibitor (HRI), protein kinase R (PKR),
PKR-like ER kinase (PERK), and general control of amino acid biosynthesis, nondepressing 2
(GCN2) [102]. These kinases are activated by heme deficiency and oxidative stress, double21

stranded RNA, unfolded proteins in the endoplasmic reticulum, and amino acid deprivation,
respectively [102]. This complex regulation of eIF2 and eIF2B represents an important ratelimiting step in the initiation of protein translation.

Figure 6. Regulation of eukaryotic translation initiation factors eIF2 and eIF2B.

2.4.4 Upstream Regulators of the mTORC1 Signalling Pathway
The phosphatidylinositol 3-kinase (PI3K)/PKB pathway is responsible for the regulation
of mTORC1 in response to insulin and growth factors [1, 76]. Activation of PI3K generates
phosphatidylinositol 3,4,5-trisphosphate (PIP3), which translocates PKB to the cell membrane
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[123] where it can be activated via phosphorylation by phosphoinositide dependent kinase 1
(PDK1) [3]. Activated PKB phosphorylates TSC2, inhibiting the function of TSC2 as a GTPase
activating protein and disrupting the TSC1/TSC2 complex [63, 106]. TSC2 is responsible for
decreasing the availability of GTP bound to the GTPase Rheb, an mTORC1 activator [62, 138].
As a result, this signalling cascade leads to the activation of PKB, which inhibits TSC2 activity;
increasing the activation of mTORC1 with more active Rheb bound GTP available [34] (Figure
5).

2.5 Post-Translational Modification of the mTORC1 Pathway
In response to acute changes in nutrient availability and energy status the mTORC1
signalling pathway is transiently regulated by covalent and allosteric modifications within the
signalling cascade (Figure 5). Both of these regulatory mechanisms involve changing the
conformation of a protein which results in a change in (or loss of) function. The signalling
mechanisms behind translation initiation are primarily controlled by phosphorylation. This type
of covalent modification is useful because it can be reversed. Covalent attachment of a phosphate
group to an enzyme by a kinase can modify the enzyme’s activity and subsequently the proteins
that interact with that enzyme. Similarly, allosteric modification is also reversible and involves
the direct binding of one protein to another protein’s allosteric site, inducing conformational
change. Lastly, translocation from one part of the cell to another, to increase or decrease the
interaction of particular proteins, is also a method of post-translation regulation. Table 1
summarizes these interactions within the mTORC1 pathway and details effects on the target
protein as well as translation as a whole. Individual regulation of each protein listed in Table 1 is
described further in Section 2.6.
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2.5.1 Activation of the mTORC1 Pathway
Exercise and nutrient availability, namely carbohydrates and amino acids, have a
significant effect on mTORC1 activation and protein translation [1, 76]. Consumption of
carbohydrates, and a subsequent increase in blood glucose, results in the release of the pancreatic
hormone insulin. Treatment with insulin in cells or via rat hindlimb perfusion is associated with
increased mTORC1 pathway signalling and protein synthesis [69, 78, 101, 121, 130]. In humans,
insulin infusion stimulates skeletal muscle protein synthesis [10]. Structurally similar to insulin,
insulin-like growth factor 1 (IGF-1) also stimulates protein synthesis [36, 130] and activates the
PKB/mTORC1 pathway [36, 87]. Over-expression of IGF-1 induces skeletal muscle hypertrophy
[94]. Release of IGF-1 occurs in response to circulating levels of growth hormone, which is
released from the anterior pituitary gland in response to exercise. In skeletal muscle, local
production of IGF-1 increases following acute resistance exercise [5] and chronic aerobic
exercise [49], without an increase in circulating IGF-1 [5, 49] indicating an autocrine/paracrine
role for locally produced IGF-1 in skeletal muscle [105]. The binding of either insulin or IGF-1 to
their receptors leads to recruitment and phosphorylation of insulin receptor substrate 1 (IRS-1)
and activation of the PI3K signalling cascade [1], described in section 2.4.4.
Amino acids, especially leucine, have a significant effect on mTORC1 pathway
signalling and skeletal muscle protein synthesis [77]. Oral branched-chain amino acid (BCAA)
supplementation increases mTORC1 signalling and protein synthesis in both humans [109] and
rats [20]. Rapamycin treatment before leucine administration blocks the effects of this BCAA
dependent increase in mTOR activity and protein synthesis [4, 108]. However, in the perfused rat
hind limb model, supra-physiological levels of leucine result in an increase in protein synthesis
without change in mTORC1 signalling, but an increase in eIF4G phosphorylation and association
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with eIF4E [14]. This indicates an alternative pathway in which amino acids may regulate
translation initiation.
In skeletal muscle, several other mechanisms have been proposed to mediate the effects
of amino acids on protein translation. First, an increase in amino acids stimulates human vacuolar
protein sorting 34 (hVps34), a class III PI3K, which activates mTORC1 via undefined
mechanisms [15, 45]. Over-expression of hVps34 activates S6K1, while knockdown of hVps34
inhibits phosphorylation of 4EBP1. Together these indicate that the action of hVps34 is upstream
of mTORC1 [15]. The second mechanism involves the intercellular localization of mTORC1 to
the same location as its activator Rheb. This is accomplished by a family of GTPases called RAG
proteins that are known to interact with mTORC1 via raptor in response to amino acids [114].
Thus, in skeletal muscle, amino acids appear to regulate protein translation via increasing the
association of eIF4E and eIF4G, facilitating the interaction of mTORC1 and Rheb, and by
unknown mechanisms involving hVps34.

2.5.2 mTORC1 and Cellular Energy Regulation
The regulation of energy utilization is part of the mTORC1 pathway. Energy utilization,
during exercise for example, increases the concentration of AMP and subsequently activates
AMP activated protein kinase (AMPK) [52]. AMPK inhibits protein translation by
phosphorylating TSC2, activating it and decreasing protein synthesis during exercise and cellular
energy stress [12, 24, 64]. Additionally, AMPK deficient myotubes are larger [81, 92] and
experience high rates of protein synthesis and mTORC1 activity [81], while AMPK knockout
results in greater muscle mass, fiber size, and increased mTORC1 activity in mice [81]. AMPK
knockout mice also experience higher rates of overload-induced hypertrophy and mTORC1
signalling compared to control animals [92]. In addition to the regulation of energy status,
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mTORC1 positively regulates the expression of glycolytic [27] and oxidative genes [7, 21, 110,
111, 120] and therefore mitochondrial function. This appears to be mediated by PGC-1α through
YY1 (discussed in detail in section 2.4.1). These findings indicate that AMPK regulates
mTORC1 via TSC1/TSC2 to regulate cellular energy status, and that mTORC1 may be involved
in exercise induced mitochondrial adaptations in skeletal muscle.

2.6 Contraction Induced Modifications to mTORC1 Pathway Protein Content
In additional to post-translational modification, increasing the abundance of regulatory
proteins can up-regulate a signalling system. Adaptations to the mTORC1 signalling pathway
following exercise, and the resultant effect on protein synthesis, are emerging as a novel area of
study. While research is limited, there is evidence purporting an up-regulation of mTORC1
pathway protein content contributing to increases in protein synthesis induced by chronic
contractile activity [8, 80, 134]. These results are suggestive that a change in protein content of
translation initiation regulatory proteins has an effect on total translational capacity. Specifically,
total protein content of eIF2Bε (a catalytic subunit of eIF2B) increases following repetitive
resistance exercise [80], while mTOR abundance increases following intense endurance training
[8]. Increases in gene expression of S6K1 [73] and eIF2Bε [80] have also been reported in
response to endurance and resistance training, respectively. While these studies demonstrate
adaptations to the PKB/mTORC1 signalling pathway, evidence remains equivocal when
attempting to establish a causal relationship between aerobic or resistance exercise training and
up-regulation of translation initiation regulatory proteins [8, 28, 39, 39, 48, 61, 73, 80, 82, 93,
100, 134, 137]. While there is research examining changes in protein content for a few
PKB/mTORC1 pathway proteins in response to exercise [8, 39, 48, 80, 137], there is no research
that examines this change in the signalling pathway as a whole.
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Table 1. Summary of post-translation modifications to the mTORC1 signalling pathway

Protein of
Interest
IRS-1
PI3K
PIP3
PDK1
PKB/Akt

TSC2
Rheb
mTOR
(Complex 1)
4EBP1
S6K1
rpS6
GSK-3

eIF2

eIF2B

Regulator

Method of Regulation

Insulin Receptor
S6K1
IRS-1
PI3K
PIP3
PDK1
mTORC2
PIP3
PKB
AMPK
TSC1/2
PKB
S6K1
Rheb-GTP
mTORC1
mTORC1
S6K1
PKB
S6K1
HRI
PKR
PERK
GCN2
eIF2B
GSK-3

Phosphorylation
Phosphorylation
Allosteric Modification
Phosphorylation
Translocation
Phosphorylation
Phosphorylation
Translocation
Phosphorylation
Phosphorylation
GTP/GDP Exchange
Phosphorylation
Phosphorylation
Undefined
Phosphorylation
Phosphorylation
Phosphorylation
Phosphorylation
Phosphorylation
Phosphorylation
Phosphorylation
Phosphorylation
Phosphorylation
GDP/GTP Exchange
Phosphorylation

Action on
Protein
Activation
Inhibition
Activation
Activation
Activation
Activation
Activation
Activation
Inhibition
Activation
Inhibition
Activation
Activation
Activation
Inhibition
Activation
Activation
Inhibition
Inhibition
Inhibition
Inhibition
Inhibition
Inhibition
Activation
Inhibition

Action on
Translation
Activation
Inhibition
Activation
Activation
Activation
Activation
Activation
Activation
Activation
Inhibition
Inhibition
Activation
Activation
Activation
Activation
Activation
Activation
Activation
Activation
Inhibition
Inhibition
Inhibition
Inhibition
Activation
Inhibition

*This is not an exhaustive list and describes only proteins from Figure 5.

2.6.1 Adaptations to Translation Initiation Regulatory Proteins
An increase in regulatory proteins capable of initiating translation could increase
translation capacity via increases in signalling protein and ribosomal subunit availability.
Wilkinson et al. [134] have reported that an increase in resting phosphorylation following chronic
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resistance training was accompanied by a higher resting rate of protein synthesis (perhaps due to
heightened activation of the mTORC1 pathway). The authors proposed that changes in the
expression of translation proteins are an adaptive response meant to increase signalling system
sensitivity and responsiveness [134]. Therefore, a faster signalling response or a faster initiation
of translation due to increased basal activity of the signalling pathway, as a result of increased
PKB/mTORC1 pathway protein expression and/or basal phosphorylation could result in a more
efficient method of synthesizing protein.
Beginning with mTORC1, changes in protein content and basal phosphorylation increase
[8, 82, 100], decrease [28, 39], or remain constant [28, 39, 134] in response to exercise.
Specifically, total mTOR protein increases in humans following high-intensity intervals in
combination with endurance training [8], while resistance training leads to an increase [82] or a
constant [28, 134] resting level of phosphorylated mTOR. Similarly, in response to aerobic
exercise, resting phosphorylation of mTOR increases in humans [8] and mice [100], but is also
reported to remain unchanged in humans [134]. Glynn et al. [39] have demonstrated a decrease in
resting mTOR phosphorylation in rats; however, the exercise intervention was not strictly
controlled and allowed free access to running wheels. These discrepant results demonstrate that
there is a lack of consensus as to the adaptations of mTOR following exercise.
The two downstream targets of mTORC1, S6K1 and 4E-BP1, have a variety of responses
to exercise. While total protein of S6K1 remained unchanged in rats following endurance [39, 48]
or resistance exercise [137], an increase in S6K1 gene expression has been reported in response to
treadmill training in rats [73]. Results for studies examining exercise-induced changes in resting
phosphorylation levels of S6K1 and 4E-BP1 are more diverse, with several researchers reporting
a lack of change [28, 48, 61, 82, 134], an increase [26], or a decrease [8, 28, 39] in resting
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phosphorylation following chronic contractile activity. Training mediated increases in resting
S6K1 phosphorylation have been observed in an unloaded rat hindlimb model [26, 48], while
S6K1 resting phosphorylation following aerobic exercise remains unchanged in rats [48], except
for one reported decrease [39]. Resistance exercise in humans also results in unaltered levels of
S6K1 phosphorylation at rest [28, 82, 134], as does aerobic exercise [8, 134]. Similar to S6K1, a
lack of change in total 4E-BP1 protein following aerobic training [39] and 4E-BP1 mRNA
expression following acute endurance exercise in humans [93] and rats [137] has been reported.
Additionally, 4E-BP1 resting phosphorylation remained unchanged following resistance training
in humans [82]; however, chronic muscle stimulation following hindlimb unloading increased
both 4E-BP1 total protein and resting phosphorylation levels in rats [26]. Thus, while the majority
of evidence suggests that S6K1 [8, 28, 39, 48, 82, 134, 137] and 4E-BP1 [39, 82, 93, 137], remain
unaltered following exercise training and chronic muscle stimulation, reports demonstrating
increases in S6K1 gene expression [73] and 4E-BP1 total protein and resting phosphorylation
[26], indicate that S6K1 and 4E-BP1 expression in skeletal muscle may be responsive to exercise
and contraction stimuli.
2.6.2 Adaptations to Translation Initiation Proteins
Few studies have examined initiation proteins (rpS6, eIF4E, eIF2, and eIF2B) directly
involved in forming the translational initiation complex. Downstream of S6K1 lies rpS6, a
component of the 40S ribosomal subunit [29, 59, 67]. The few studies measuring rpS6
demonstrate no change in either total protein [8], or resting phosphorylation levels [8, 134] in
humans following aerobic exercise training. Lack of change in resting rpS6 phosphorylation is
also reported following resistance training [134]. Kubica et al. [80] report a lack of change in
eIF4E and eIF2α protein following only four sessions of resistance exercise in rats. However, an
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increase in gene expression of eIF4E has been reported in humans in response to acute endurance
cycling [93]. One study examined eIF4E phosphorylation in response to exercise training by
utilizing unilateral resistance or endurance exercise training [134]. The authors reported increases
in eIF4E phosphorylation after resistance training and no change in response to endurance
training [134]. Phosphorylation of eIF4E is thought to increase its affinity to form the cap
complex eIF4F [33], which binds the 5’ cap of mRNA to the translation preinitiation complex. In
rats eIF2Bε mRNA expression and total protein increase after acute bouts of resistance exercise
[80], while eIF2Bε mRNA expression has also been reported to remain unchanged following
resistance training [137]. Unfortunately, no study has examined gene expression of mTOR, rpS6,
or eIF2α following acute exercise. Whether adaptations to translation initiation proteins occur in
response to exercise is equivocal. Determining whether exercise increases the abundance of these
initiation proteins could provide insight as to whether adaptations to protein synthesis may occur
at the translational level.

2.7 Limitations and Gaps of Past Research and Important Future Directions
Research indicates that increases in protein synthesis observed in skeletal muscle
following chronic contractile activity may contribute to increases in mTORC1 pathway protein
content [8, 80, 134]. Increases in mTOR and eIF2Bε are observed following aerobic and
resistance training, respectively [8, 80]. However, reports also indicate that several translationregulating proteins remain unchanged following aerobic training including mTOR [39], S6K1[39,
48], rpS6 [8], and 4E-BP1 [39], while S6K1 [137], eIF4E [80], and eIF2α [80] remain constant
following resistance training. Collectively, these studies have each investigated only a portion of
the translation regulatory proteins shown in Figure 1. Whether exercise induced adaptations occur
to the mTORC1 pathway, including the systemic response to the mTORC1 pathway, remains
30

unclear. Thus, the goal of this thesis was to examine changes in gene expression and protein
content of mTOR, S6K1, rpS6, 4E-BP1, eIF4E, eIF2α, and eIF2Bε (Figure 1) following acute or
chronic contractile activity in murine skeletal muscle in order to determine whether there is a
systematic up-regulation of these proteins.

2.8 Summary
Given the evidence presented, it is clear that exercise-induced adaptations to the
mTORC1 pathway and other key regulatory proteins of translation initiation are poorly
understood. Thus, whether the PKB/mTORC1 pathway is up regulated, or whether this results in
an increased capacity to initiate protein translation following acute and chronic aerobic exercise
remains unknown. No study has systematically examined changes in gene expression or protein
content of the PKB/mTORC1 pathway in response to acute or chronic exercise, and will therefore
be the focus of this thesis.
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Chapter 3
Manuscript
3.1 Introduction
The mammalian target of rapamycin (mTOR), a serine-threonine protein kinase, is part of
a complex signalling pathway involved in cell growth and proliferation [26]. It is essential for the
regulation of mRNA translation, skeletal muscle hypertrophy [5, 14, 20, 35], and control of
mitochondrial content [2, 9, 10, 53]. mTOR phosphorylates two primary proteins involved in the
regulation of protein translation: eukaryotic initiation factor 4E (eIF4E) binding protein (4E-BP1)
[4, 18, 25] and ribosomal protein S6 kinase (S6K1) [28, 30]. Phosphorylation of 4E-BP1 inhibits
its ability to associate with eIF4E, allowing formation of the mRNA cap-binding complex [37,
38]. Phosphorylation and activation of S6K1 promotes phosphorylation of ribosomal protein S6
(rpS6) and subsequent formation of translational machinery [17]. S6K1 is also implicated in the
phosphorylation/inhibition of glycogen synthase kinase 3 (GSK-3) [1, 45, 48, 49], an inhibitor of
eukaryotic initiation factor 2B (eIF2B) [51]. eIF2B is a guanine nucleotide exchange factor that
catalyzes the regeneration of the active GTP form of eukaryotic initiation factor 2 (eIF2), which
plays an integral part in translation initiation [32]. Regulation of S6K1 and 4E-BP1 by mTOR
provides the mTOR pathway the ability to respond to perturbations in growth factors, nutrients
and energy availability.
In skeletal muscle, the mTOR pathway is activated during the recovery period following
as little as a single bout of contractile activity [6, 8, 35, 46]. Acute activation of this pathway in
skeletal muscle is an important component of the up-regulation in protein synthesis observed
following strength and endurance exercise [41, 52]. In addition, there is evidence indicating that
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up-regulation of mTOR pathway protein content contributes to increases in protein synthesis
induced by chronic contractile activity [3, 35, 52]. Specifically, total protein content of eIF2Bε, a
catalytic subunit of eIF2B, increased following repetitive resistance exercise [35], while mTOR
increased following high-intensity intervals in combination with endurance training [3].
Conversely, protein content of many translation initiating regulatory proteins have been reported
to remain unchanged following endurance [19, 24], resistance [35, 54], as well as combined
interval and endurance exercise [3]. The equivocal results presented thus far suggest that exercise
induced adaptations of the mTOR pathway and other key regulatory proteins of translation
initiation are poorly understood.
While multiple investigations have examined the acute [29, 35, 44] or chronic [3, 15, 16,
19, 24, 29, 31, 36, 47, 52, 54] responses of the mTOR pathway in response to a variety of
exercise modes, no study has examined both the acute and chronic effects of endurance-type
contractile activity on the expression of mTOR-dependent signalling proteins. Therefore, we
intended to further elucidate the existence of adaptive responses to the mTOR pathway and other
key regulatory proteins of translation initiation following prolonged contractile activity.
Specifically, the purpose of this study was twofold: 1) to determine if an acute bout of endurance
exercise increases expression of genes associated with the mTOR-dependent signalling pathway,
and 2) to determine if acute changes in translation regulatory genes result in chronic up-regulation
of translation regulatory protein abundance following prolonged muscle contraction.

3.2 Methods
3.2.1 Experimental Design
To examine whether there is a systematic up-regulation of translation initiation regulatory
proteins in skeletal muscle following aerobic contractile activity, female Sprague-Dawley rats
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underwent either treadmill running for two hours or continuous chronic muscle stimulation for
seven days. Changes in gene expression and phosphorylation were examined immediately and
three hours following the acute bout of endurance exercise, while changes in protein content and
phosphorylation were measured following chronic muscle stimulation.
3.2.2 Animals
Experiments were performed with female Sprague-Dawley rats (three to six months, 250300 grams) that were bred on site at the University of Guelph and housed at 22.5°C on a 12 hour
light (0700-1859 h) and 12 hour dark (1900-0659 h) cycle. At the end of each experiment animals
were anaesthetized with an intraperitoneal injection of Somnotol (60 mg/kg). Selected tissues
were then harvested, flash frozen (liquid nitrogen), and stored at –80°C until analyzed.
Immediately after harvesting animals were sacrificed by injecting a lethal dose of Somnotol. All
procedures for experimental treatments, harvesting of the muscle tissues, and animal sacrifice
were approved by the Animal Care Committee at the University of Guelph.

3.2.3 Acute Exercise
Female Sprague-Dawley rats (n = 18) were familiarized to running on a rodent treadmill
before performing an exhaustive bout of exercise (2 h at 15 m/min, followed by a ramp increase
in speed 5 m/min every 5 min until volitional cessation) as described previously [21, 23]. The red
gastrocnemius muscle was harvested following anesthetization from non-exercised animals
(control; n = 6), immediately following cessation of exercise (n = 6), and after three hours of
recovery from exercise (n = 6).
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3.2.4 Chronic Muscle Stimulation
Female Sprague-Dawley rats (n = 6) underwent chronic stimulation (12 Hz, 50 ms
duration) of the peroneal nerve continuously for seven days, as described previously [7, 22, 42].
Briefly, following implementation of electrodes on the peroneal nerve, animals recovered for
seven days before stimulation was initiated. Twenty-four hours following cessation of the
stimulation, the red tibialis anterior muscle was removed from both the chronically contracted
limb and from the sham-operated contralateral limb (control).

3.2.5 mRNA Content
RNA was extracted using the Qiagen RNA mini Kit (Qiagen, Valencia, CA), according
to the manufacturer's instructions for muscle tissue. One microgram of resulting RNA was
reverse transcribed using the Qiagen Omniscript Reverse Transcription Kit (Qiagen). Fifty
micrograms of resulting cDNA was used for real-time PCR with Promega's Go Taq quantitative
PCR SYBR Green master mix (Promega, Madison, WI) with the following cycles: 95°C for 15
min, 40 cycles of 95°C for 15 sec, 60°C for 30 sec and 72°C for 36 sec, followed by a
dissociation curve to assess specificity of the reaction. TATA-binding protein was used as an
endogenous control. See Table 2 for a list of primer sets used.
Table 2. Primer sequences used for real-time PCR

Gene
eIF2Bε
eIF2α
rpS6
S6K
eIF4E
4E-BP1
mTOR

Forward Primer
5'-CTTCCCCATCTCCAAGGACC-3'
5'-GGGCTTGCGGTTTTCATTTCTG-3'
5'-GGATCAGCGGTGGGAATGACAAA-3'
5'-CGAACGCCTGTCAGCCCAGTC-3'
5‘-GCGACTGTGGAACCGGAAAC-3'
5‘-GGACCTGCCAACCATTCCAG-3'
5'-CCTGGCCACCGAGGATGAGC-3'

*Reverse primer from [34]
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Reverse Primer
5'-TCG ATC AGC GCG ACA TTG GC-3'
5'-TGGAGCCCCTGGTAATTCTCT-3' *
5'-GGGTCAAAACGCCTTGCTTCATG-3'
5'-CTCGTCCCCAGAAATCCCCACC-3'
5‘-TCCGCAGGTGGGGGATTAGT-3'
5‘-GGGAGGCTCATCGCTGGTAG-3'
5'-CCAGCGTGGACCCTGCACTG-3'

3.2.6 Western Blot Analysis
Proteins were separated by SDS-PAGE using 8%, 10%, or 15% polyacrylamide gels and
were subsequently transferred to a polyvinylidene difluoride membrane. For the detection of
proteins, commercially available monoclonal antibodies were used for GAPDH (Millipore,
Billerica, MA), p70 S6K (Cell Signaling Technology, Danvers, MA), rpS6 (Cell Signaling
Technology, Danvers, MA), phospho-p70 S6K Thr389 (Cell Signaling Technology, Danvers,
MA), phospho-rpS6 Ser235/Ser236 (Cell Signaling Technology, Danvers, MA). Commercially
available polyclonal antibodies were used for Cyto C (Cell Signaling Technology, Danvers, MA),
mTOR (Cell Signaling Technology, Danvers, MA), 4E-BP1 (Cell Signaling Technology,
Danvers, MA), eIF4E (Cell Signaling Technology, Danvers, MA), eIF2Bε (Cell Signaling
Technology, Danvers, MA), eIF2α (Cell Signaling Technology, Danvers, MA), phospho-mTOR
Ser2448 (Cell Signaling Technology, Danvers, MA), and phospho-4E-BP1 Thr37/46 (Cell
Signaling Technology, Danvers, MA). Membranes were blocked with 5% BSA in TBS-T (0.1%)
and immunoblotted with primary antibodies (1:1000). Proteins were visualized by
chemiluminescence detection, according to the manufacturer's instructions (Millipore, Billerica,
MA). Blots were quantified using the Fluorochem HD2 System (Cell Biosciences, Santa Clara,
CA). Equal amounts of protein were added for all Western blots, equal loading was confirmed via
loading control (GAPDH) and amido black staining. All samples were loaded in duplicate.

3.2.7 Statistics
One-way ANOVAs (Factor: Time) were used to compare the effects of acute exercise on
mRNA expression and protein phosphorylation. Any significant main effects or interactions were
analyzed by a Tukey test. Paired t-tests were used to compare the effect of chronic stimulation on
protein content and resting protein phosphorylation. Statistical significance was set at p < .05.
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3.3 Results
3.3.1 Gene Expression after Acute Exercise
Results for translation initiation regulatory protein mRNA expression are presented in
Figure 7. Three proteins increased three hours after an acute bout of endurance exercise: mTOR
(+44%, p < .05), rpS6 (+32%, p < .05), and eIF2Bε (+127%, p < .05). In contrast, eIF4E
decreased (-29%, p < .05) three hours post-exercise. There was no change in mRNA expression
of 4E-BP1, S6K1, or eIF2α immediately or three hours after exercise.
3.3.2 Phosphorylated Protein after Acute Exercise
Increases in phosphorylated mTOR (Ser2448) and p70 S6K (Thr389) of 40% and 66% (p
< .05) were observed immediately after a single bout of endurance exercise, respectively (Figure
8A), while phosphorylation of rpS6 (Ser235/Ser236) and 4E-BP1 (Thr37/46) protein remained
unchanged (Figure 8A).

3.3.3 Total and Phosphorylated Protein after Chronic Muscle Stimulation
Consistent with induction of mitochondrial biogenesis demonstrated previously [22],
seven days of chronic muscle stimulation increased cytochrome C protein content (+31%, p <
.05; Figure 9A). Accompanying this increase were elevations in the protein contents of mTOR
(+74%, p < .05), rpS6 (+31%, p < .05), and eIF2α (+44%, p = .069; Figure 9C). 4E-BP1, eIF4E,
S6K1, and eIF2Bε protein content was not altered (Figure 9C). Phosphorylation of rpS6
(Ser235/Ser236) was increased 51% (p < .05) 24 hours following seven days of chronic
stimulation, while phosphorylated mTOR (Ser2448), 4E-BP1 (Thr37/46), and S6K1 (Thr389)
protein did not change (Figure 10A).
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Figure 7. mRNA expression of translation initiation proteins during the time course after an acute
bout of endurance exercise. Data are the combined results from all real-time PCR analysis conducted
in non-exercised rats compared with animals sacrificed 0 Hr or 3 Hr post-exercise. Values are mean
± SE. * p < 0.05 3 Hr compared to control and 0 Hr; † p < 0.05 3 Hr compared to control and 0 Hr.

60

Figure 8. (A) Changes in phosphorylation status of translation initiation proteins immediately and
three hours after an acute bout of endurance exercise. Values are mean ± SE. (B) Representative
blots for all phosphorylated proteins measured immediately and three hours after an acute bout of
endurance exercise. All bands for a particular antibody were obtained from a single Western blot.
GAPDH was used as a loading control. * p < 0.05 compared to control; † p <0.05 compared to 3 Hr.
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Figure 9. (A) Changes in Cytochrome C and (C) changes in total protein content of translation
initiation proteins with and without 7 days of chronic stimulation. Values are mean ± SE. (B)
Representative blots for Cytochrome C and (D) for all signalling proteins measured with and without
chronic stimulation. All bands for a particular antibody were obtained from a single Western blot.
GAPDH was used as a loading control. * p < 0.05 compared to control; † p <0.07 compared to
control.
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Figure 10. (A) Changes in phosphorylation status of translation initiation proteins with and without 7
days of chronic stimulation. Values are mean ± SE. (B) Representative blots for all phosphorylated
proteins measured with and without chronic stimulation. All bands for a particular antibody were
obtained from a single Western blot. GAPDH was used as a loading control. * p < 0.05 compared to
control.
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3.4 Discussion
This study examined changes in gene expression, protein content and resting
phosphorylation status of the mTOR-dependent signalling pathway following both acute
endurance exercise and chronic muscle contraction in rat skeletal muscle. Results of this study
demonstrate that: 1) an acute bout of endurance exercise induces the expression of translation
initiation regulatory proteins mTOR, rpS6, and eIF2Bε; 2) acute endurance exercise increases
phosphorylation of mTOR and p70 S6K immediately after exercise; 3) chronic muscle
stimulation increases total protein content of mTOR, rpS6, and eIF2α; and 4) chronic muscle
stimulation increases the basal phosphorylation state of rpS6. These results indicate that the
mTOR-dependent signalling pathway is systematically upregulated by both acute and chronic
contractile activity.

3.4.1 Exercise-induced Adaptations in Protein Translation
To our knowledge, this is the first study to demonstrate that translation initiation proteins
are upregulated following both acute and chronic endurance contractile activity. Specifically, we
demonstrate increases in mRNA expression of mTOR, rpS6 and eIF2Bε following an acute bout
of exercise. Additionally, our findings of acute increases in mRNA coincide with increases in
expression of both mTOR and rpS6 protein following chronic contractile activity. An increase in
regulatory proteins capable of initiating translation could increase translation capacity via
increases in signalling protein and ribosomal subunit availability. Wilkinson et al. [52] reported
increases in resting phosphorylation following chronic resistance training were accompanied by a
higher resting rate of protein synthesis, perhaps due to heightened activation of the mTOR
pathway. The authors proposed that changes in the expression of translation proteins are an
adaptive response meant to increase signalling system sensitivity and responsiveness [52].
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Therefore, a more sensitive signalling response, as a result of increased mTOR pathway protein
expression could result in a more efficient method of synthesizing protein, particularly in
response to contractile activity.

3.4.2 Adaptations to the mTOR Signalling Pathway
In the current study mTOR gene expression and phosphorylation increased following an
acute bout of endurance exercise and protein content was elevated following chronic muscle
stimulation. This increase in protein content is consistent with previous findings in humans
following both endurance cycling coupled with high-intensity intervals [3] and following
resistance training [36]. Conversely, no change in mTOR expression has been reported following
endurance [52] and resistance [16] training in humans. An increase in the phosphorylation of
mTOR in humans immediately following an acute bout of resistance [52] or aerobic exercise [3,
39, 40, 52] is also in agreement with our findings. However, no change in mTOR
phosphorylation has also been reported in both rats, following aerobic [43] and resistance
exercise [6], and humans following aerobic [50] and resistance exercise [29]. Consistent with our
observation of no change in basal mTOR phosphorylation following chronic muscle contraction
are several reports that resting phosphorylation is unchanged following training [16, 52].
However, increases in resting mTOR phosphorylation have also been reported in humans [3, 36]
and mice [47]. While literature establishing a causal relationship between exercise training and
up-regulation of the mTOR pathway are equivocal [3, 16, 19, 24, 29, 31, 35, 36, 54], our results
demonstrate an up-regulation of mTOR following both a single bout of endurance exercise and
chronic contractile activity. These data are suggestive that increases in mTOR following training
are mediated by contraction, rather than by chronic alterations in intramuscular nutrient
availability as previously suggested [33]. Increases in the abundance of mTOR following training
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may lead to an increase in its capacity to phosphorylate downstream targets including S6K1 and
4E-BP1.
Following acute endurance and chronic muscle contraction 4E-BP1 gene expression,
protein content, and phosphorylation remained unchanged. A lack of change in 4E-BP1 mRNA
expression following acute endurance exercise has been observed in humans [44] and rats [54],
while resting phosphorylation status of 4E-BP1 has been reported to remain unchanged following
resistance training in humans [36]. In agreement with our findings, Hulmi et al. [29] have also
observed no changes in 4E-BP1 phosphorylation immediately after resistance exercise in humans;
however, several studies have reported a decrease in phosphorylation [11-13]. Morrison et al. [43]
also observed a decrease in 4E-BP1 phosphorylation immediately after aerobic exercise in rats,
but they also reported an increase 1.5 hours post-exercise. Similar increases are reported 10 to 30
minutes after acute resistance exercise in rats [6], implying the signalling response of 4E-BP1 to
aerobic exercise may occur between the two time points examined in the present study. While
the majority of evidence suggests that 4E-BP1 expression remains unchanged following exercise
[36, 44, 54], chronic muscle stimulation following hindlimb unloading is reported to increase
both total protein and resting phosphorylation levels of 4E-BP1 [15]. This could indicate that
control of 4E-BP1 expression may be sensitive to exercise mediated intracellular signalling.
We also demonstrate the expression of S6K1, another downstream target of mTOR,
remained unchanged following both acute endurance exercise, except for transient
phosphorylation, and chronic contractile activity. These results are consistent with those reported
following endurance training in humans [52] and rats [24], and following resistance exercise in
rats [54]. Collectively, these data indicate that exercise induced increases in S6K1 are unlikely.
Transient increases in S6K1 phosphorylation have been demonstrated immediately following
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aerobic exercise [40, 52] and up to four hours following resistance exercise in humans [13, 52]. A
few reports have also described a one to two hour delay in increases S6K1 phosphorylation postexercise [29, 50]. Conversely, a lack of change in S6K1 phosphorylation has been reported
following both aerobic [39, 43, 50] and resistance [6, 11, 12] exercise in humans and rats.
Additionally, one study observed a decrease three hours after an acute bout of aerobic exercise in
humans [3]. We were unable to determine the resting phosphorylation status of S6K1 following
chronic contractile activity; however, the increase in phosphorylation of rpS6, a target of S6K1,
suggests the basal activity of S6K1 may have been elevated following chronic contraction.
Training mediated increases in resting S6K1 phosphorylation have only been observed in a
hindlimb unloaded model [15, 24] and the majority of results from the literature would suggest
that resting S6K1 phosphorylation remains unaltered by training [3, 16, 24, 36, 52].

3.4.3 Adaptations to Proteins Involved in the Translation Preinitiation Complex
Similar to translational signalling protein, we demonstrate increases in initiation proteins
that are directly involved in the translational machinery. Specifically rpS6, a component of the
40S ribosomal subunit and a downstream target of S6K1 [17, 28, 30], mRNA expression
increased significantly following acute endurance exercise. rpS6 protein content and resting
phosphorylation levels were also elevated following chronic muscle contractile activity. While
the present study found no transient changes in rpS6 phosphorylation following acute endurance
exercise, one study reported similar results utilizing humans [52]. This could be the result of the
timing of tissue sampling. Many studies which reported increases in rpS6 phosphorylation
following resistance and aerobic exercise performed tissue extraction either between the time
points of the present study [6, 29, 43], or shortly after [52], although one study has reported an
immediate increase after aerobic exercise in humans [3]. While the transient phosphorylation of
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rpS6 seems to occur within four hours post-exercise, there are few studies that have examined
resistance or endurance training effects on rpS6 with equivocal results [3, 52]. Our results
indicate that acute endurance exercise up-regulates rpS6 gene expression and chronic contractile
activity increases rpS6 total protein and resting phosphorylation status. These adaptations to rpS6
possibly contribute to previous results demonstrating increases in protein translation observed
following training [52].
This is the first study to examine changes in the expression of eIF2α (a regulatory subunit
of eIF2) in response to chronic exercise training, with an increase in eIF2α protein following
chronic muscle contractile activity (44%, p = .069). Interestingly, while increases in the catalytic
subunit eIF2Bε three hours after acute endurance exercise were also observed, there was no
change in eIF2Bε protein content following chronic contractile activity. This relationship has
been observed previously in rats with eIF2Bε mRNA expression increasing after acute bouts of
resistance exercise [35] but not following resistance training [54]. At present, the contribution of
altered eIF2α and eIF2Bε expression to changes in exercise mediated protein translation is
unclear and requires further research, however, our results suggest that up-regulation of these
proteins may be involved.

3.4.4 Systematic Translation Adaptations and Mitochondrial Biogenesis
Adaptations in protein translation signalling after endurance training have been
associated with increases in mitochondrial biogenesis [27, 52]. Our findings are consist with this
association as we demonstrate increases in cytochrome C, an indicator of mitochondrial protein
content, in combination with an increase in translation proteins in response to chronic muscle
stimulation. As such, it appears that protein within the mTOR pathway, and additional key
regulatory proteins of translation initiation are up-regulated in response to both acute endurance
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exercise and chronic contractile activity. Whether this up-regulation is necessary for increases in
mitochondrial protein following exercise training requires further investigation.

3.5 Conclusion
The current study demonstrates that acute and chronic endurance contractile activity upregulates the mTOR signalling pathway in murine skeletal muscle. Specifically, acute endurance
exercise increases mRNA expression of mTOR, rpS6, eIF2Bε, and eIF2α, and phosphorylation of
mTOR and S6K1 immediately post-exercise. Chronic muscle stimulation increases total protein
content of mTOR, S6K1, and rpS6, as well as resting phosphorylation levels of rpS6. These
results are suggestive that up-regulation of the mTOR pathway, in response to chronic contractile
activity, may increase translation efficiency and could represent an important control point in the
protein synthesis associated with exercise mediated mitochondrial biogenesis.
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Chapter 4
General Discussion
4.1 Summary of Key Findings
The purpose of this thesis was to determine whether there is a systematic up-regulation of
important regulatory proteins of translation initiation following aerobic contractile activity in
murine skeletal muscle. The effects of acute endurance exercise on PKB/mTORC1 pathway
proteins in female Sprague-Dawley rats were examined by measuring changes in gene expression
and protein phosphorylation. The effects of chronic muscle stimulation on translation regulatory
proteins were examined in female Sprague-Dawley rats by measuring changes in protein content
and resting phosphorylation. The key findings of these experiments indicate that an acute bout of
endurance exercise increases the expression of translation initiation regulatory proteins (mTOR,
rpS6, and eIF2Bε) and is accompanied by increases in total protein content (mTOR, rpS6, and
eIF2α) and resting phosphorylation (rpS6) of PKB/mTOR pathway proteins following chronic
contractile activity in skeletal muscle. These findings demonstrate that the PKB/mTOR signalling
pathway is up-regulated following both acute and chronic contractile activity in murine skeletal
muscle.

4.2 Contributions to the Literature
Previous research investigating exercise-induced adaptations to the translation initiation
regulatory proteins examined in this thesis has produced equivocal results. While protein content
of some (mTOR and eIF2Bε, respectively) of these translation initiating regulatory proteins
increase following high-intensity interval training combined with endurance training [1] or
resistance exercise [10], several (mTOR [6, 7, 19], S6K1 [7, 8, 20], rpS6 [1], 4E-BP1 [7], eIF4E
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[10], and, eIF2α [10]) remain unchanged following aerobic [1, 7, 8] and/or resistance training [6,
10, 20]. Specifically, Benziane et al. [1] demonstrated an increase in mTOR protein content
following endurance cycling coupled with high-intensity intervals, however, it has also been
reported to remain unchanged following endurance [7, 19] and resistance [6] training in humans.
In the present thesis, mTOR up-regulation was demonstrated in response to both acute endurance
exercise and chronic muscle stimulation by a resultant increase in gene expression and protein
content, respectively. The increase in expression of mTOR following endurance exercise may be
an adaptive process promoting an increased capacity to regulate both S6K1 and 4E-BP1. Both
S6K1 and 4E-BP1 gene expression and protein content remain unchanged following endurance
exercise [7, 8, 15], which is consistent with the results of this thesis, providing further evidence
that these two proteins are not altered with aerobic exercise training.
Further downstream of the mTOR signalling pathway, eIF4E mRNA expression has also
been reported to remain unchanged following acute endurance cycling in humans [15], as has
total protein content in response to short-term resistance training in rats [10]. This thesis
confirmed a lack of change in eIF4E protein content following chronic muscle stimulation,
indicating it may not be altered by muscle contractile stimulation. Similarly, a lack of change in
rpS6 protein content has been reported following aerobic exercise in humans [1], however in the
present thesis rpS6 mRNA expression and protein content increased significantly following
aerobic muscle contraction. Similarly, protein content of the regulatory subunit eIF2α increased
(44%, p = .069) in response to chronic muscle contractile activity. Only one other study has
examined changes in protein content of eIF2α and found no change following four sessions of
resistance training in rats [10], however this stimulus may not have been sufficient to elicit any
change.
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Consistent with previous research in rats following resistance exercise [10], the present
thesis demonstrated an increase in mRNA for the catalytic subunit eIF2Bε, however a
corresponding increase in eIF2Bε protein content observed by Kubica et al. [10] was not present.
Zanchi et al. [20] reported a lack of change in eIF2Bε gene expression in the plantaris muscle in
response to resistance training; however, this could be attributed to tissue differences as the
gastrocnemius muscle was examined in this thesis and by Kubica et al. [10]. Thus, while there is
a lack of research examining adaptations to translation initiation factors and subunits of the
translational machinery, our results indicate the potential involvement of increases in rpS6, eIF2α
and eIF2Bε expression with changes in exercise-mediated protein translation. A summary of
results from this thesis are presented in Table 3.
Resting phosphorylation of mTOR, 4E-BP1, S6K1, and rpS6 were also examined in this
thesis in order to determine if chronic adaptations to basal activation of translation initiation
signaling was present. Several studies have reported that resting mTOR phosphorylation is
unchanged following resistance training [6, 9, 19], which is in agreement with our findings.
However, increases in resting mTOR phosphorylation have also been reported in response to
aerobic [1, 16] and resistance training [11]. Similar to mTOR, S6K1 and 4E-BP1 resting
phosphorylation was unaltered following chronic muscle stimulation, which is consistent with
current literature [1, 6, 8, 11, 19]. Finally, we found an elevation in rpS6 resting phosphorylation
following chronic muscle contractile activity. This finding is contradictory to other research
which has reported a lack of change in rpS6 phosphorylation following endurance [19] and
resistance training [9], or a decrease following resistance training [19]. Thus, we have
demonstrated no change in resting phosphorylation of mTOR, S6K1, or 4E-BP1 which appears to
be in agreement with present literature [1, 6, 8, 9, 11, 19]. However, the increase in resting
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phosphorylation of rpS6 in response to chronic muscle contraction observed in this thesis is
contrasted by a lack of change or decrease reported by others [9, 19]. Whether a change in rpS6’s
basal phosphorylation affects exercise-induced protein translation remains unknown.

Table 3. Overview of results from Chapter 3. Arrows indicate direction of change, dashes indicate no
change. Blanks indicate no measure was taken.

Immediately following, and three hours post-endurance exercise, we also examined
transient changes in phosphorylation of mTOR, 4E-BP1, S6K1, and rpS6. Our results are in
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agreement with several reports in humans indicating an increase in mTOR phosphorylation
immediately following an acute bout of resistance [19] or aerobic exercise [1, 12, 13, 19].
However, a lack of change in acute mTOR phosphorylation has also been reported in both rats
and humans following aerobic [14, 18] and resistance exercise [2, 9]. This is also true for S6K1,
which increased immediately following an acute bout of aerobic exercise [13, 19]. Literature
evaluating transient S6K1 phosphorylation are equivocal with several researchers reporting
increases in response to resistance exercise up to four hours post-exercise [5, 9, 18, 19], a lack of
change altogether following both resistance [2-4] and aerobic exercise [12, 14, 18], and even a
decrease three hours post-endurance exercise [1]. In contrast, we found no change in rpS6 or 4EBP1 phosphorylation following an acute bout of endurance exercise, which is supported by
results from research utilizing both resistance and aerobic exercise [9, 19]. Similar to the
literature on S6K1, results vary widely for 4E-BP1. Several studies have reported a decrease in
phosphorylation follow resistance [4, 5] and endurance exercise [14], or an increase in
phosphorylation either 1.5 hours post-endurance exercise [14] or 10 to 30 minutes after acute
resistance exercise [2]. These data, and the results of this thesis, indicate that post-exercise
phosphorylation of 4E-BP1 may have occurred between, immediately after, and three hours postexercise in the present thesis. This also appears to occur for rpS6, as many studies have reported
increases in rpS6 phosphorylation following resistance and aerobic exercise either between the
examined time points of the present study [2, 9, 14], or shortly after [19]; however, one study
reported an immediate increase after aerobic exercise in humans [1]. While one human study has
reported no change in rpS6 phosphorylation following acute endurance exercise [19], transient
phosphorylation of rpS6 seems to occur within four hours post-exercise [2, 9, 14, 19]. Thus, the
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results of this thesis are indicative that a single bout of endurance exercise acutely activates the
mTORC1 signalling pathway.

4.3 Study Limitations
The major limitation of this work is the lack of identification of the direct mechanism(s)
explaining the systematic up-regulation of the PKB/mTORC1 pathway. These experiments
provide observational information only, characterizing the response of the PKB/mTORC1
pathway following skeletal muscle contractile activity. No measure of protein synthesis was
examined in either of these experiments. Thus, no firm conclusions can be made as to whether
up-regulation of the PKB/mTOR pathway leads to increased in protein synthesis. As well,
because mTOR can form two different complexes the measure of protein content and gene
expression utilized for this study reflects total mTOR, not just of mTORC1 or mTORC2.
Animal experiments were performed outside of our laboratory at an earlier date; as such
the study design had to be based on the tissue samples available. Thus, the interventions could not
be modified. While continuous chronic muscle stimulation is an appropriate model for
investigating the effects of chronic muscular contraction, prolonged contraction without rest does
not reflect the physiological demands of conventional exercise models. Finally, the findings of
these experiments are limited to the physiological response of the PKB/mTORC1 pathway in rats.
As such, care should be taken when generalizing these results to human skeletal muscle, as
physiological differences may exist between the two models.

4.4 Future Research
Based on the study limitations discussed above, future research should confirm this
systematic response to exercise in translation initiation proteins in humans. It is also important to
84

determine if increases in PKB/mTORC1 pathway proteins alter skeletal muscle protein synthesis,
including myofibrillar and mitochondrial protein synthesis rates. Future studies are also necessary
to determine the importance of changes in both systemic and individual PKB/mTORC1 pathway
protein content in response to alterations in contractile and mitochondrial protein synthesis in
skeletal muscle. Results from these studies could identify if up-regulation of translation
regulatory proteins are involved in increases in protein synthesis observed following exercise
training [17, 19]. Whether increases in PKB/mTORC1 pathway proteins increase the capacity for
protein synthesis could be examined by utilizing an overexpression model in rats. This could be
performed by comparing protein synthesis rates of rats overexpressing different proteins critical
for translation initiation to controls following an acute bout of exercise. There is limited research
characterizing the response of PKB/mTORC1 pathway protein following aerobic [1, 7, 8, 20] or
resistance [9, 10] exercise training, and none have investigated what mediates the up-regulation
of PKB/mTORC1 pathway proteins demonstrated in this thesis. Thus, understanding the
mechanisms underlying this up-regulation in translation initiation regulatory protein, and whether
this response is important, could provide insight into the complex regulation of protein synthesis
by protein translation.

4.5 Conclusions
Up-regulation of the pathway responsible for regulating the initiation of protein
translation in response to different models of muscle contraction indicates that the PKB/mTORC1
pathway is capable of exercise induced adaptation. Increases in expression of PKB/mTORC1
pathway proteins may indicate the ability of this pathway to increase its signalling capacity and
the efficiency of protein translation and the subsequent synthesis of skeletal muscle proteins.
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4.6 Overall Research Experience
My graduate experience in my Masters of Science in Kinesiology and Health Studies
began with coursework. Each course that I took provided me with an opportunity to develop
several skills that would prove invaluable for success with my future research pursuits including:
researching literature, scientific writing, data presentation, interpretation, and study design. This
allowed me to write, and eventually publish, my first manuscript in the European Journal of
Applied Physiology with the assistance of my supervisor Dr. Brendon J. Gurd. I also learned
how to run exercise training sessions for participants and was introduced to a variety of
laboratory techniques including protein assays, western blotting, quantitative real-time
polymerase chain reaction (qRT-PCR), and C2C12 cell culture. These experiences gave me a set
of skills that allowed me to successfully perform the tissue analysis for this thesis and several
other studies that I had the opportunity to collaborate on. This included tissue analysis via western
blotting of human muscle biopsies from a study examining extremely low-volume, high-intensity
interval training performed in our lab, which has been submitted to the American Journal of
Physiology - Regulatory, Integrative and Comparative Physiology, and is currently under review.
I have analyzed changes in gene expression of transcription and translation factors for another
study in our lab comparing the response to different intensities of high-intensity intervals in men.
I have also had the opportunity to utilize C2C12 cells for pilot work on another research proposal
for our lab involving the treatment of C2C12 cells with AICAR (5-amino-1-β-D-ribofuranosylimidazole-4-carboxamide) or human serum to determine changes in protein phosphorylation. This
was then determined via western blotting, as well as gene expression utilizing RT-PCR. I was
also given the opportunity to learn small animal surgery techniques including the isolation of the
mouse soleus, a procedure that I will likely use in my future research pursuits.
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I have had the opportunity to collaborate with Dr. Colin Funk from the Department of
Biomedical and Molecular Sciences at Queen’s University on a project involving comparative
expression profiling of 45-65 year old male competitive athletes and healthy individuals. This
study allowed me to become a more independent researcher as I was tasked with the organization
of participants, exercise testing, data collection, and data analysis. From this study I also learned
to calibrate and operate a metabolic cart and run maximal oxygen consumption tests, as well as
prepare blood and urine samples. This prepared me for organizing and collecting data for another
exercise study examining the effect of acute endurance exercise in young lean adults, involving
blood draws before and after acute exercise. Samples from this study have been sent to the
University of British Columbia in collaboration with Dr. Jonathan Little for further analysis. I
also learned how to draw blood from human participants and have done so for numerous studies
in the Muscle Biochemistry Lab. Participation in these studies, along with my thesis work, has
also provided me with the opportunity to perform two national and two regional conference
presentations.
These experiences, along with the guidance of my supervisor Dr. Brendon J. Gurd,
provided me with the tools necessary to determine which regulators of translation initiation to
examine for this thesis, and the subsequent analysis for changes in protein content and gene
expression in rat models. From this I performed statistical analysis of my results and prepared my
thesis manuscript with the help of Dr. Brendon J. Gurd.
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Appendix A
Summary Conditions for Western Blotting
Table 4. Summary of western blot probing conditions

Primary Antibody (1o)

Incubation Conditions with 1o

Secondary Antibody (2o)

Incubation Conditions with 2o

mTOR Antibody, Cell Signalling

Incubate for 1 hr at 4oC at 1:1000
in 5% BSA in 0.1% TBS-T

Goat Anti-Rabbit IgG (H+L)-HRP
Conjugate

Incubate for 1 hr at 1:10000 in
0.1% TBS-T

4E-BP1 Antibody, Cell Signalling

Incubate overnight at 4oC at
1:1000 in 5% BSA in 0.1% TBS-T

Goat Anti-Rabbit IgG (H+L)-HRP
Conjugate

Incubate for 1 hr at 1:10000 in
0.1% TBS-T

eIF4E Antibody, Cell Signalling

Incubate overnight at 4oC at
1:1000 in 5% BSA in 0.1% TBS-T

Goat Anti-Rabbit IgG (H+L)-HRP
Conjugate

Incubate for 1 hr at 1:1000 in
0.1% TBS-T

p70 S6K Antibody, 49D7, Cell
Signalling

Incubate overnight at 4oC at
1:1000 in 5% BSA in 0.1% TBS-T

Goat Anti-Rabbit IgG (H+L)-HRP
Conjugate

Incubate for 1 hr at 1:10000 in
0.1% TBS-T

S6 ribosomal protein Antibody,
5G10, Cell Signalling

Incubate overnight at 4oC at
1:1000 in 5% BSA in 0.1% TBS-T

Goat Anti-Rabbit IgG (H+L)-HRP
Conjugate

Incubate for 1 hr at 1:1000 in
0.1% TBS-T

eIF2α Antibody, Cell Signalling

Incubate overnight at 4oC at
1:1000 in 5% BSA in 0.1% TBS-T

Goat Anti-Rabbit IgG (H+L)-HRP
Conjugate

Incubate for 1 hr at 1:1000 in
0.1% TBS-T
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eIF2Bε Antibody, Cell Signalling

Incubate overnight at 4oC at
1:1000 in 5% BSA in 0.1% TBS-T

Goat Anti-Rabbit IgG (H+L)-HRP
Conjugate

Incubate for 1 hr at 1:1000 in
0.1% TBS-T

Phospho-mTOR (Ser2448)
Antibody, Cell Signalling

Incubate overnight at 4oC at
1:1000 in 5% BSA in 0.1% TBS-T

Goat Anti-Rabbit IgG (H+L)-HRP
Conjugate

Incubate for 1 hr at 1:1000 in
0.1% TBS-T

Phospho-4E-BP1 (Thr37/46)
Rabbit mAb, Cell Signalling

Incubate overnight at 4oC at
1:1000 in 5% BSA in 0.1% TBS-T

Goat Anti-Rabbit IgG (H+L)-HRP
Conjugate

Incubate for 1 hr at 1:1000 in
0.1% TBS-T

Phospho-p70 S6 Kinase (Thr389)
(108D2) Rabbit mAb, Cell
Signalling

Incubate overnight at 4oC at
1:1000 in 5% BSA in 0.1% TBS-T

Goat Anti-Rabbit IgG (H+L)-HRP
Conjugate

Incubate for 1 hr at 1:1000 in
0.1% TBS-T

Phospho-S6 Ribosomal Protein
(Ser240/244) Antibody, Cell
Signalling

Incubate overnight at 4oC at
1:1000 in 5% BSA in 0.1% TBS-T

Goat Anti-Rabbit IgG (H+L)-HRP
Conjugate

Incubate for 1 hr at 1:1000 in
0.1% TBS-T

Cytochrome C Antibody, Cell
Signalling

Incubate overnight at 4oC at
1:1000 in 5% BSA in 0.1% TBS-T

Goat Anti-Rabbit IgG (H+L)-HRP
Conjugate

Incubate for 1 hr at 1:1000 in
0.1% TBS-T

Anti-GAPDH, clone 6C5,
Millipore

Incubate for 1 hr at 1:10000 in 5%
BSA in 0.1% TBS-T

Goat Anti-Mouse IgG (H+L)-HRP
Conjugate

Incubate for 1 hr at 1:50000 in
0.1% TBS-T

Gels were run at 150 volts until the dye front was run off. All transfers were 1 hour in duration at 100 volts. Membranes were blocked in 5% BSA (0.1% TBS-T)
for 1 hour at room temperature, washed in TBS-T for 7 minutes (3 times), incubated in primary, washed in TBS-T for 7 minutes (3 times), incubated in
secondary, washed in TBS-T for 7 minutes (3 times), then exposed with Chemiluminescent HRP Substrate for 5 minutes.
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