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Abstract 

 Transcriptional responses to stressors are typically measured as changes in mRNA levels, 

despite a broad awareness that transcript levels do not equate to transcription rates. I was able 

to use goldfish (Carassius auratus) to assess the impact of a single exercise bout on 

transcription and transcript levels by measuring unprocessed mRNA (pre-mRNA) and mature 

mRNA levels for critical bioenergetics genes in red and white muscle tissue.  I examined 

housekeeping genes (β-actin: BACT and tubulin: TUB) and select genes for mitochondrial 

metabolism (citrate synthase: CS and cytochrome c oxidase subunit 4-1: COX4-1), and 

hexokinase II: HXK. In red muscle, I found that the transcript level for mitochondrial genes (CS 

and COX4-1) and the housekeeping gene BACT does not change significantly regardless of 

exercise intensity, but that there is an increase in pre-mRNA levels for these genes at the 

highest exercise intensity. HXK mRNA showed complex patterns. The mature HXK mRNA 

increased after a 3 h bout of exercise at the highest exercise intensity (in red and white muscle) 

but only in recovery after exhaustive exercise in white muscle. The increases in HXK pre-mRNA 

occurred following exercise and after recovery (in red muscle) and after a period of recovery (in 

white muscle). In red muscle, exercise didn’t increase the mRNA for any gene within a recovery 

period of 1 h, except exercise at 80% Ucrit. Analysis of white muscle tissue after a 3 h bout of 

exercise indicated that there was no change in COX4-1 mRNA post exercise or after recovery, a 

slight decrease in BACT mRNA after recovery, a significant increase in CS mRNA after recovery 

and a significant increase in HXK mRNA post exercise. Overall, I found that: the levels of pre-

mRNA changed more dramatically than did mature mRNA, the greatest changes occurred at the 

highest exercise intensity, the increases were mainly seen in recovery rather than during 



iii 
 

exercise, and there was a greater response in the pathways and tissues that are recruited 

during the exercise activity. 
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Chapter 1: Introduction and Literature Review 

1.1  Overview 

In my thesis, I explore how cells are able to remodel muscle bioenergetics in response to 

the physiological challenge of exercise. I focus on fish because the anatomical separation of red 

and white muscle enables me to examine how the two muscle fibre types respond to activity. I 

utilized goldfish because relatively little is known about how this species responds to exercise at 

the transcriptional level. Though a role for transcriptional regulation of bioenergetics 

remodelling during long-term stress is well accepted in animals (Williams et al., 1986; Williams 

et al., 1987; Moyes 2003; LeMoine et al., 2008; LeMoine et al., 2010a; McClelland et al., 2006), 

less is known about what happens in the short term in response to a single exercise bout. Given 

that mRNA half-life is longer than a traditional exercise bout, I needed to assess transcription 

directly, rather than rely upon measuring changes in steady state mRNA levels. By measuring 

the levels of pre-mRNA and mRNA levels for critical bioenergetics genes, I was better able to 

assess the impact of changes in transcription on transcript levels. In the following sections I will 

review why cells need to coordinate transcription to mount compensatory changes, how 

transcription is measured, and finally review what is known about such changes in my 

experimental paradigm: exercise in fish. 

1.2   Pathways of energy production 

The ability for a cell to survive relies in part on its capacity to modulate energy 

production to meet demand. This can become complicated when ATP demands shift due to 

periods of high energy consumption to meet capacity, or when machinery must be down 

regulated during periods of low energy consumption to improve efficiency. Animal cells are 
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capable of producing ATP molecules with and without oxygen.  Animals may produce 2 

molecules of ATP per glucose via glycolysis during anaerobic metabolism, and 30-36 molecules 

of ATP per glucose during aerobic metabolism through oxidative phosphorylation (OXPHOS). 

The tricarboxylic acid cycle (TCA) produces reducing equivalents NADH and FADH2 which are 

oxidized by the electron transport chain (ETC), a series of proteins embedded in the inner 

mitochondrial membrane. Redox reactions in the ETC generate a proton motive force across 

the inner mitochondrial membrane before the electrons are accepted by oxygen and form 

water. This electrochemical gradient is utilized by F1F0 ATPase to phosphorylate ADP into ATP.   

 Both glycolysis and OXPHOS produce ATP, but the two pathways differ in how they are 

best used to support activity. Glycolysis is able to generate ATP very quickly, but is inefficient in 

the sense of ATP yield per glucose. OXPHOS is slower, but more efficient, and though it relies on 

oxygen to proceed, it is more flexible than glycolysis in that it can utilize multiple fuels. As a 

result of these tradeoffs, tissues are constructed in ways that match the bioenergetics 

machinery to the nature of the ATP demands. Consider, for example, the metabolic 

specializations of muscle fibres in relation to activity. Endurance exercise demands the 

efficiency of OXPHOS, whereas burst exercise requires the velocity of glycolysis. Long believed 

to be the rate limiting factor in determining the flux of ATP production in the cell is the level of 

available oxygen, but evidence that conflicts this hypothesis has emerged in the literature 

(Erecinska and Wilson, 1982). A newer model studying the paradigm of energetic flux in cellular 

respiration suggests that a drop in cell pH indicative in glycolysis and an increase in ADP 

concentration may inhibit the capacity of OXPHOS (Conley et al., 2001), and not a limitation in 

oxygen or that mitochondrial capacity has peaked. Further investigation on energetic flux is 
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required to better understand the interaction between glycolysis and OXPHOS and the flux that 

occurs in cellular respiration. 

Most animals produce muscle fibres that are metabolically specialized for OXPHOS or 

glycolysis. Fast twitch fibres are specialized for high-intensity, short-term exercise, which 

demands the velocity of glycolysis. Slow twitch fibres are specialized for low-intensity, 

endurance exercise, which demands the efficiency of OXPHOS.  

In addition to these specializations, when an animal undertakes a given style of activity 

repeatedly, there is enough plasticity to enable the muscles to become better suited to that 

type of activity. Animals may increase the capacity for OXPHOS or glycolysis or both, depending 

on the muscle fibre and the nature of the activity.  

The process of adaptive remodelling of muscle bioenergetics is inherently complex. Cells 

must appropriately regulate the independent genes of glycolysis and OXPHOS in a manner that 

will modify the pathways accordingly. The sheer complexity of these pathways, with many 

enzymes and multimeric proteins, means that it is critical that cells have means of coordinating 

the expression of the genes encoding the proteins of these pathways. Previous studies in the 

Moyes lab have compared the mechanisms by which fish muscle mitochondrial genes are 

coordinated in the remodelling that accompanies long-term environmental challenge. This 

remodelling process is something that takes weeks to run its course, and for the most part is 

considered to be regulated through transcriptional regulation of many genes (Bremer, 2011; 

Duggan, 2011; Kieffer, 1995; LeMoine et al., 2010a; LeMoine et al., 2008; McClelland et al., 
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2006). My work focuses on the mechanisms by which individual genes are regulated in the 

short-term in response to acute stress, specifically exercise activity.  

1.2.1 Changing levels of bioenergetic enzymes 

The ability of a cell to remodel itself in response to stressors is studied in many models 

and systems. In a general sense, any study that links an external stressor (temperature, light) or 

challenge (nutrition, activity) to adaptive remodelling increases our understanding of how cells 

mount adaptive remodelling. My own work uses locomotor activity as a stressor and focuses on 

how muscles alter the levels of bioenergetics genes. Much can be gained from the many studies 

on mammals, but our work focuses on fish because of their evolutionary diversity and 

anatomical specializations. The fact that mammals and fish respond in similar manner to 

exercise – increasing the levels of bioenergetics enzymes – likely reflects the high degree of 

genetic conservation in vertebrates.   

Although exercise responses are well studied in fish, a more common model of muscle 

remodelling is cold acclimation. Though mammals respond to cold exposure with mitochondrial 

proliferation, this is a response to the same sort of metabolic challenge associated with 

exercise. Fish, conversely, have lowered metabolic rates in the cold, yet paradoxically also 

respond with mitochondrial proliferation. Previous work in this lab as well as others has 

highlighted the importance of transcriptional pathways in the muscle remodelling that 

accompanies cold acclimation. There are increases in the levels of mRNA and protein of the 

transcription factors thought to be master regulators of OXPHOS genes. There are increases in 

mRNA and protein of critical OXPHOS genes. While not all fish respond to cold in the same 
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manner (Bremer et al., 2012), and not all genes for a pathway respond in a coordinated manner 

(Duggan, 2011), and a potential role for differential mRNA degradation is likely for at least some 

genes (Bremer, 2012), most studies infer a role for transcriptional regulation in mediating 

remodelling of muscle bioenergetics. While it is not my focus, it is important to acknowledge 

studies that have shown a role for post-transcriptional regulation of protein synthesis 

(Sakamoto et al., 2005: Hardie et al., 1998).  

Although temperature acclimation is a powerful tool for studying gene regulation, it suffers 

from long duration and slow response. Exercise offers an alternative model, where energetic 

stresses can be imposed quickly and the response studied in the very short term.  

The primary purpose of this thesis was to study how a single bout of exercise affects 

transcription of genes involved in ATP production, distinguishing between transcription and 

transcript level. Muscle remodelling in exercise involves a large web of molecular changes, 

which require energy above and beyond that required for the activity itself. Thus, my study also 

assessed whether muscle cells initiate the remodelling process during exercise or recovery, and 

explores how this relationship might change with exercise intensity and differ among genes of a 

pathway and between pathways. There are many bioenergetics gene transcripts worth 

measuring as a function of exercise in fish, but given the goldfish sequence is not published, I 

needed to select a suite of genes that my time would be best spent sequencing and optimizing 

for qPCR measurement. In this thesis I attempted to incorporate genes that are involved in 

different aspects of bioenergetics. BACT and TUB served as my housekeeping genes. CS enzyme 

and COX4-1 are major proteins involved in metabolism. CS enzyme regenerates citrate in the 
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TCA and COX4-1 is a subunit in the terminal enzyme in the ETC, where it participates in the 

transfer of electrons to molecular oxygen and generating a proton gradient to make ATP. HXK is 

an enzyme that commits hexose sugars to glycolysis by phosphorylating them, which also 

prevents them from leaking back across the cell membrane before glycolysis. Measuring this 

suite of key genes encompasses both aerobic and anaerobic metabolism whose transcripts are 

expected to change in exercise-induced muscle remodelling in fish. 

1.3   Regulating the levels of mRNA 

Consider the challenges of adaptive remodelling of muscle in response to exercise. If 

activity changes such that the muscle can benefit by more OXPHOS, there is a long signalling 

cascade that must be appropriately regulated to ensure that the right amount of protein is 

produced. My thesis focuses on transcriptional regulation, so I will not be discussing in detail 

the mechanisms that determine the rate at which proteins are synthesized from mRNA. It is 

worth noting that transcript levels do not always determine the rates of protein synthesis. The 

structural stability of a mRNA transcript is important in determining its half-live, and 

consequently, transcripts that have long half-lives will not be as affected by degradation. The 

synthesis of protein from mRNA takes time, so if transcripts have poor stability, a high 

concentration of transcripts may not last long enough to change protein levels without a 

consistently high transcription rate. Apart from stability in the transcript, a cell tightly regulates 

transcripts through degradation with specialized enzymes and with small non-coding miRNAs. It 

is worth reviewing these processes, as they have profound influence on transcript levels, this 

being the focus of my thesis. 
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1.3.1 Enzymatic degradation of mRNA  

Although the steady-state levels of transcripts encoding housekeeping genes may be 

invariant, the levels of other mRNA transcripts can change significantly due to physiological 

cues. In addition to the regulation of synthesis, there is an additional layer of control over 

mRNA levels through degradation of transcripts by specialized enzymes in the exonucleolytic 

degradation pathway, non-mediated decay pathway as well as others. In the following section, I 

will review the basic features of deadenylation dependent exonuclease activity, and other 

degradation methods and their effects on mRNA levels. Much of what is currently known about 

regulated transcript decay in eukaryotes has been observed from studies primarily with yeast 

and some with mammalian cells (Anderson and Parker, 1998; van Hoof and Parker, 1999; 

Tourriere et al., 2002; Tucker and Parker, 2000; Wang and Kiledjian, 2001; Mukherjee et al., 

2002). 

A fully processed mRNA possesses modifications that protect the mRNA from 

degradation. A poly(A) tail and a 5’ methyl cap act to protect the transcript from degradation on 

each end. It is these elements that are targeted by enzymes in the exonucleolytic pathway. 

Degradation of mRNA in eukaryotes begins with the destruction of the 3’ tail by deadenylase 

enzyme complexes. In yeast, the dominant deadenylase complex contains two major enzymes, 

Ccr4p and Pop2p, along with a suite of co-factor proteins Not1-Not5p, Caf4, Caf16, Caf40 and 

Caf130p (Tucker et al., 2001; Denis and Chen, 2003). Ccr4p is part of the ExoIII nuclease family 

(Dlakic, 2000) and is well conserved across eukaryotes (Parker and Song, 2004). The 

phosphodiester bonds are believed to be cleaved through nucleophilic attack by the activation 

of a hydroxyl group by histidine and glutamic acid residues on Ccr4p. Mutant Ccr4p enzymes at 
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these catalytic sites completely block Ccr4p activity in yeast, human and Xenopus laevis (Tucker 

et al., 2002; Chen et al., 2002; Baggs and Green, 2003). Structural analysis of the other major 

nuclease, Pop2p, has confirmed that it is a member of the RNaseD family of nucleases and is 

predicted to fold in a similar manner to DNA exonucleases. As such, it is expected to function in 

much the same way, by positioning two divalent metal ions in order to hydrolyze the 

phosphodiester bonds of the poly(A) tail (Thore et al., 2003). There are several other well 

conserved complexes in eukaryotes that play significant roles in the deadenylation of the tail. 

The PAN proteins Pan2p and Pan3p are involved in the early degradation of the tail, shortening 

it to 55-75 nucleotides depending on the transcript (Brown and Sachs, 1998). The conditions for 

recruitment and characterization of PAN are not clear, but it may play a role in mRNA decay 

during replicative stress (Hammet et al., 2002). PARN (poly(A) ribonuclease), the final major 

enzyme known to be involved in deadenylation, is predicted to play a critical role in vertebrate 

mRNA decay. PARN is part of the RNaseD superfamily and likely cleaves nucleotides with the 

two-metal ion strategy, but it also contains a novel R3H catalytic site. The R3H domain binds a 

string of single-stranded nucleic acids believed to aid the recruitment of PARN to the poly(A) 

tail.  

Following deadenylation of the tail, the decapping process is then initiated. In order for 

the transcript to be degraded from the 5’ end, the 5’ – 5’ triphosphate linkage that 

characterizes the cap’s resilience to exonuclease attack must be removed.  Several factors 

affect the speed with which this is accomplished, namely the length of the poly(A) tail and 

competition between translation initiation factor eIF4F and decapping enzymes Dcp1p and 

Dcp2p (Vilela et al., 2000; Schwartz and Parker, 2000: LaGradeur and Parker, 1998; Dunckley 
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and Parker 1999). eIF4F is a multisubunit protein complex consisting of a translation regulatory 

subunit eIF4E, a scaffolding protein eIF4G and an RNA helicase eIF4A. eIF4E works to recruit 

other factors that allow the ribosome to recognize the start codon in the sequence despite 

geometric secondary folding of the mRNA along with co-binding of eIF4A. eIF4G works by 

recognizing PABP proteins bound to the poly(A) tail and anchoring the transcript together in a 

circular structure (Caponigro and Parker, 1995). Altogether, the eIF4F complex works to block 

Dcp1p and Dcp2p activity and to properly coordinate the initiation of translation. It is this 

superstructure that encourages recruitment of the 43S-pre-initiation complex needed for 

translation (Jackson and Hellen, 2010). Despite these efforts, when the poly(A) tail is degraded 

sufficiently to interfere with this system, often requiring only 1 nucleotide to be present 

(Tourriere et al., 2002), the decapping enzymes can cleave the 5’ cap.  

The degradation of the mRNA sequence in mammals from the 5’ to 3’ direction is 

facilitated by Xrn1p-like and Rat1p-like proteins (like to yeast) or the 3’ to 5’ direction by an 

exosome consisting of at least a half dozen essential ‘hRp’ proteins (Mitchell et al., 1997). 

Under most circumstances the poly(A) tail and the 5’ cap must both be removed before one is 

initiated regardless of the direction of digestion, but endonuclear cleavage and deadenylase-

independant decapping are possible in some pathways such as in NMD (Wilusz et al, 2001). The 

involvement of some signalling pathways has been identified in determining mRNA stability. 

Once the cap is removed, the mRNA can be degraded by multiple pathways that may degrade 

5’ to 3’, 3’ to 5’ or internally through endonuclease activity. There is evidence that the 

degradation of transcripts in the 3’ to 5’ direction is preferred (Mukjerhee et al., 2002), but the 

enzymes responsible for degradation in the 5’ to 3’ direction are well conserved in eukaryotes 
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(Shobuike et al., 1995), suggesting both methods are necessary under different circumstances, 

but the disparity and the functional purpose of each pathway is not well understood. Although 

the poly(A) tail and 5’ cap are fundamental in degrading mRNA, there are other elements in 

transcripts that infer that there is far more to consider concerning mechanics of transcript 

degradation.  

Transcripts may have sequences in the open reading frame (ORF) and untranslated 

regions (UTR) that bind proteins that either accelerate degradation or prevent it. For example, 

the polyadenylated tail is not just a protective structure on the 3’ end of mRNA transcripts. The 

3’ UTR, the tail and additional proteins play pivotal roles in the protection and stability of the 

entire transcript by blocking 5’ decapping. For example, PABP (poly(A) binding protein) has a 

high binding affinity for the poly(A) tail and when bound, it stabilizes the mRNA by protecting it 

at the 5’ end while simultaneously facilitating translation (Sachs, 1990). PABP protein has been 

found to interact with an unknown protein complex (the α-complex) that binds to the 3’ UTR 

(Wang and Kiledjian, 2000). This combination effectively inhibits any attempt at decapping the 

transcript through mechanisms that bypass the need to degrade the poly(A) tail. The necessary 

sequence within the 3’ UTR (A+U rich (ARE) elements) that accelerates transcript decay is one 

example of how the sequence of the 3’ UTR is coupled to an eventual fate before translation. 

AUUUA pentamers, often flanked by U-rich regions in the 3’ UTR often signify accelerated 

transcript decay, but there is much heterogeneity in which fashion transcripts are digested. This 

may suggest that the process employs highly specific RBPs (RNA binding proteins) that select 

which transcripts are to be destroyed and through which decay pathway (Wilson and Brewer, 

1999). The physiological relevance of this coordination is important because these elements 
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afford the cell specificity in the expression of transcripts post-transcription. Despite large 

increases in transcription rate, these mechanisms are capable of throttling transcript 

concentration and can impede their ability to be translated, effectively offering another layer 

for regulating gene expression when a cell responds to stress.  

A study by Esquerre, et al. (2013) highlights the biological significance of mRNA 

synthesis and degradation by exploring the concurrent role of transcription and transcript 

stability as a response to growth rate in Escherichia coli. In this study, RNA was isolated from E. 

coli cultures that were found to be growing at increasingly longer generation time. The fastest 

growing culture was found to double in growth after only 38 minutes, whereas the slowest 

growing culture doubled in almost 7 hours. The isolated RNA from each treatment group was 

reverse transcribed to cDNA and then tested on a microarray to determine the synthesis and 

degradation of the mRNA transcripts via statistical computation of the observed intensities on 

the array. Between the lowest and highest growth rates, there was a generic increase in 

transcription, but the median half-lives of the transcripts decreased from 4.2 minutes to 2.8 

minutes. As transcription increased the concentration of mRNA, the half-lives of these mRNAs 

subsequently decreased, linking increased growth rate of the cells with higher transcription rate 

but faster mRNA turnover (Esquerre, et al., 2013). The largest portion of tested mRNA 

transcripts was regulated by transcription rate as growth rate increased or by increasing 

stability (less degradation). 

Each of these mechanisms acts on individual molecules of mRNA, yet remarkably there 

is evidence that degradation can be coordinated among transcripts encoding different elements 
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of integrated pathways, including multimeric proteins. Global mRNA analysis in Saccharomyces 

cervisae shows that transcripts involved in the same protein complex or molecular pathway 

decay at similar rates. Transcripts encoding ribosomal proteins have half-lives around 22 

minutes whereas nucleosomal protein encoding transcripts with half-lives around 7 minutes 

(Wang et al., 2002). Highly specific mRNA degradation is also important for NMD (nonsense-

mediated mRNA decay), a decay process similar to that used by nucleolytic enzymes to destroy 

mis-transcribed transcripts. Pharmacological inhibition of NMD also leads to the expression of 

transcripts involved in amino acid metabolism and transcripts belonging to transposons and 

retroviruses. This suggests decay pathways may be evolved to be highly precise, destroying viral 

transcripts and coupling mRNA stability to amino acid homeostasis for efficient translation 

(Mendell et al., 2004). Despite a well characterized suite of trans/cis-acting exonucleolytic 

enzymes (Wilusz et al., 2001; Guhaniyogi and Brewer, 2001) and the identification of stabilizing 

primary and secondary structures in mRNA (Ross, 1996; Diwa et al., 2000), determining the 

network of mechanisms involved in coupling transcript decay and discrete mRNA stability has 

been difficult and will require further investigation (Khodursky and Bernstein, 2003). Since I am 

studying the levels of mRNA as a function of adaptive remodelling, it is important to a least 

consider the coordination imparted by factors other than transcriptional regulation that could 

influence these genes.   

1.3.2 The effect of miRNAs on mRNA level 

The function of miRNA as a means of silencing mRNA is a relatively new topic in the 

study of gene expression (Hausser and Zavolan, 2014; Huntzinger and Izaurralde, 2011; 

Mennigen et al., 2014; Das et al., 2012). It is generally well accepted that small non-coding 
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RNAs are capable of repressing gene expression post-transcriptionally by silencing transcripts, 

playing key roles in cell metabolism, cell growth, apoptosis and development (Bartel, 2009; 

Voinnet, 2009; Carthew and Sontheimer, 2009; Krol et al., 2010). In mammals, over 1000 

miRNAs have been characterized, with each capable of binding and silencing hundreds of mRNA 

targets (Bartel, 2009). This suggests that a vast portion of the mRNA transcripts are regulated 

by miRNA and therefore it is worth reviewing how this is accomplished in the cell. 

In animals, the production of miRNA relies on the activity of RNase III-like enzymes 

Drosha and Dicer. After initial transcription in the nucleus, pre-miRNA folds in on itself and 

forms secondary hairpin-loop structures depending on the primary sequence of the miRNA 

transcript. The nascent, double stranded miRNA is not entirely complementary, and it is the 

hairpin-loop structure that holds the miRNA together at this stage.  The base of these hairpin-

loop RNA structures are targeted and cleaved from the main sequence by Drosha. The hairpin-

loop RNA is then transported into the cytoplasm. In the cytoplasm, Dicer cleaves the hairpin-

loop effectively allowing the non-complementary double strands to break apart, where one is 

degraded and the other is recruited by an AGO superstructure to form the main miRISC 

complex. The miRISC complex is then capable of selective mRNA silencing at the post-

transcriptional level through the binding of complementary sequence in the loaded miRNA and 

the target mRNA.  

Conflicting results in the literature have emerged regarding the function of repression of 

transcripts bound by RISC (Carthew and Sontheimer, 2009; Wu and Belasco, 2008; Eulalio et al., 

2008; Filipowicz et al., 2008). Until the development of recent proteomic methods it was not 
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entirely clear if mRNA is repressed through degradation of the transcript or by repression of the 

target’s translation when bound by RISC. Work by Jackson and Hellen, (2010) strongly suggests 

that miRISC complex functions by degrading the mRNA transcript through negative interactions 

with eIF4F and PABP, the well-established proteins involved in mRNA stability, initiating the 

deadenylation, decapping and exonuclease activity observed in regulated mRNA degradation 

discussed above, but both strategies likely play a role. The regulatory power of miRNA is not 

limited to minor dilution of transcript concentrations, as there is strong evidence miRNA can be 

directly responsible for the coordination of mitochondrial biogenesis and metabolic strategy 

(Aschrafi et al., 2012; Das et al., 2012; Yamamoto et al., 2012; Mennigen et al., 2014).  

MicroRNAs are emerging as powerful and well-conserved physiological tools that can 

play central roles in the regulation of mitochondrial biogenesis. After the discovery of a large 

concentration of COX IV mRNA in distal axons of sympathetic neurons in the brains of rats, 

Aschrafi et al., (2008) revealed the presence of a putative binding site for miR-338 on the 3’ UTR 

of COX IV transcripts. Transfection with miR-338 oligonucleotides into the axon decreased COX 

IV mRNA, COX IV protein and mitochondrial activity measured by ATP output. The transfection 

of anti-sense miR-338 oligos resulted in a significant increase in COX IV mRNA and OXPHOS 

activity. Further study of miR-338 also determined that there is a putative binding site on ATP 

synthase transcripts (ATP5G1). As a result, miR-338 was found to have profound influence on 

the local levels of ROS and ATP, making this single miRNA capable of remodelling mitochondrial 

capacity in the distal axon of rat sympathetic neurons (Aschrafi et al., 2012). There are 

additional examples of COX regulation by miRNAs that prove this is not an isolated event in 

neuronal cells. In rodent cardiac myocytes, miR-181c is transcribed and processed in the 
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nucleus and cytoplasm before being translocated into the mitochondrial matrix. It is then 

incorporated into an AGO and works by binding to the 3’ UTR of the mitochondrial encoded 

COX1 (mt-COX1). Transfection of miR-181c into rat myocytes showed no change in the mRNA 

level of mt-COX1, but did show a decrease in the protein level, suggesting miR-181c impedes 

translation rather than degrading the transcript. Interestingly, the transfection of miR-181c 

increased the mRNA and protein level of mt-COX2, leading to an increase in mitochondrial 

respiration and ROS generation (Das et al., 2012). In a separate study on murine models, the 

effects of miR-494 in the reorganization of mitochondrial capacity in skeletal muscle appear to 

be extensive. The upregulation of miR-494 corresponds to a decrease in mtTFA and Foxj3 

protein levels. These proteins are known to be heavily involved in myoblast differentiation and 

reorganizing mitochondrial content to adapt to these changes. Artificial repression of miR-494 

showed significant increases in the protein levels of mtTFA and Foxj3, but the protein increase 

of mtTFA and Foxj3 was also observed naturally when miR-494 concentration decreased after 

the mice were subject to endurance exercise (Yamamoto et al., 2012). Taken together, these 

studies represent a significant level of regulation in mitochondrial reorganization and 

biogenesis at the post-transcriptional level, emphasizing the importance of mRNA silencing. 

Thus, there is a potential role for miRNA in influencing the synthesis of new bioenergetics 

proteins, and may account for the apparent lack of stoichiometry in mRNA levels seen in 

models of adaptive remodelling (Bremer, 2012; Duggan, 2011). However, my thesis focuses on 

short-term adaptive remodelling of bioenergetics genes in muscle. While it is important to 

consider why stoichiometry of mRNA levels is uneven in some models of adaptive remodelling, 

describing it is not my primary goal.  
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1.4   Transcriptional regulation 

In models such as adaptive remodelling, the goal is to change the metabolic phenotype by 

changing the activity of enzymes. Catalytic activity may be regulated covalently or allosterically 

(Sakamoto et al., 2005: Hardie et al., 1998), permitting a change in metabolism without a 

change in the amount of metabolic machinery. Ultimately, long term changes in enzymes are 

best achieved by changing the levels of enzymes. In the remodelling that accompanies 

energetic challenges, this means making more of the enzymes in metabolic pathways. While 

there are ways to change protein synthesis without changes in mRNA, most paradigms assign a 

major role to mechanisms by which changes in mRNA levels are achieved. Accepting the 

caveats about mechanisms that alter mRNA levels through post-transcriptional processes, most 

studies focus on changes in mRNA synthesis itself. 

When a stressor arises that, ultimately, triggers a change in protein levels, the cascade 

of events encompasses signal transduction and gene expression. In terms of signal 

transduction, the stressor must be sensed in some physical or chemical manner. The changes in 

signal transduction pathways alter the activity of regulators of transcription. The ability of a 

gene to increase transcription depends on chromatin remodelling, recruitment of transcription 

factors to the regulatory regions of the gene, and assembly of the basic transcriptional 

machinery. Once the primary transcript is produced, it needs to be made active through post-

transcriptional modification of pre-mRNA, followed by transport of transcripts out of the 

nucleus for translation.  
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The levels of mRNA are established as a balance between mRNA synthesis and the many 

factors that influence mRNA degradation, discussed in the previous section. To put the role of 

mRNA degradation into context, at any given point in time, the level of a specific mRNA is 

maintained by a balance between mRNA synthesis and degradation. When a stressor appears, a 

change in mRNA levels can be achieved through changes in transcription or changes in mRNA 

degradation, however for most genes, a transcriptional change is the most parsimonious route 

to increasing mRNA levels. In the long term, and in the absence of regulated changes in mRNA 

degradation, it is reasonable to assume that a doubling in mRNA levels can be achieved by a 

doubling in transcription. However, the rate at which a doubling of transcription causes a 

doubling in transcript level depends on the stability of the transcript. In general, it takes about 7 

half-lives before a change in synthesis can result in a change in steady-state levels. For mRNA 

with a short half-life, doubling mRNA synthesis results in a faster change in mRNA levels. Thus, 

if one is interested in how genes respond acutely to a stressor, it is much more important to 

gain an understanding of transcription rate rather than rely on transcript level.  

1.4.1 Distinguishing between transcript concentration and transcription rate  

When examining the mechanistic basis of changes in protein levels, it makes sense to 

focus on transcriptional regulation as a starting point. Measuring transcript levels can both 

explain how levels of a protein change and give insight into how the stressor was interpreted by 

the genome. Given the significance of stability, and the potential for non-transcriptional 

regulators, measuring transcript level is not always the best index of transcription, particularly 

in response to short-term, acute stress. Before explaining my approach, I thought it useful to 

review the methods used to measure both transcript levels and transcription rate. I analyzed 
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pre-mRNA and mRNA transcripts via real time PCR in this study to assess transcription rate 

because of its extreme sensitivity, minimal need to handle RNA samples and low reliance on 

highly concentrated samples of RNA, but there are other methods capable of assessing 

transcription rate and the concentration of mRNA transcripts. Northern-blotting analysis, real 

time PCR and nuclease-protection assays are effective methods for measuring transcript 

concentration, while nuclear run-on assays and assessment of pre-mRNA levels are effective at 

measuring transcription. Each method has its own strengths and weaknesses that will be 

discussed in the following sections.  

1.4.2 Measuring transcript concentration 

Measurement of mRNA requires cells be extracted in a way that releases mRNA and 

inactivates RNAses, and permits purification of mRNA away from DNA and other 

macromolecules, particularly protein. The traditional way of measuring mRNA levels is through 

northern-blotting analysis but in recent years this has been largely replaced by PCR based 

approaches.   

1.4.2.1 Northern-blotting analysis 

Northern-blotting analyses are relatively easy to learn, cheap and fast if a small number 

of mRNA targets are to be measured. RNA from the target tissue is isolated through one of the 

numerous standard protocols available. The isolated RNA is then separated by size by gel 

electrophoresis. The RNA samples are then transferred to a nylon membrane and immobilized 

on the membrane by covalently cross-linking them via heat or UV light. The membrane is 

treated with a pre-hybridization buffer to ensure the probe does not coat the membrane. The 

specifically designed probes that target the RNA sequence of interest are then introduced. After 



19 
 

some time, the membrane is washed to clean off any unbound probes. The probes utilized are 

radiolabeled or have some form of non-isotopic label to measure the intensity with which the 

probes have bound to the RNA on the membrane. The intensity of the signal is proportional to 

the concentration of the measured transcript. However, quantification of the probe binding 

depends on methods that may or may not be perfectly quantitative. For example, imaging on 

film is problematic when the level of probe is either very low or very high. Phosphoimaging 

technology is more quantitative, but relies on expensive instrumentation.  

Because of its simplicity, northern-blot analysis is still a widely used method to measure 

RNA abundance. Probes with partial similarity to the target mRNA (from different species) 

function well in northern-blots, making it useful for non-model systems where genomic 

sequence is lacking. One of the fundamental drawbacks of northern-blots is its limited 

sensitivity compared to other methods. Additionally, even slight RNA degradation can severely 

compromise a northern-blot analysis, and the protocol involves frequent handling of the RNA 

sample. There are also constraints with the amount of RNA that can be utilized because of 

limitations in electrophoresis and membrane transfer. Finally, while it is possible, it can be very 

difficult to use more than one probe in the assay. The use of a second probe would require a 

significantly longer time investment and the chemical removal of the first probe. Despite its 

simplicity, Northern-blot analysis remains an important, standard procedure when measuring 

RNA content of tissue.  

1.4.2.2 PCR 

PCR techniques have been used to assess mRNA for many years, though the earliest 

efforts involved what is considered a semi-quantitative RT-PCR approach. More recently, real-
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time PCR approaches have been developed that are quantitative (qPCR). Methods using qPCR 

have unprecedented sensitivity and can be used with very small quantities of starting material. 

At the beginning of a PCR reaction, reagents are in excess and template and product are at low 

enough concentrations that there is no interference with primer binding through product 

renaturation. The amplification of the target amplicon proceeds at a constant, exponential rate. 

The point at which this amplification becomes linear is highly variable and depends largely on 

interactions between primer binding and product renaturation. It is necessary to collect 

quantitative data during the exponential growth cycles. In this study, I used SYBER Green for 

detecting and quantitating PCR product in real-time. As the PCR product accumulates, SYBER 

Green binds to the double stranded DNA and emits light, meaning the fluorescence of SYBER 

Green should be relative to the exponential and constant growth of the product determined by 

what was available of the product at the onset of PCR. In this study, I utilized the Ct (cycle 

threshold) comparative analysis method of analyzing real time PCR data. The Ct value for each 

sample indicates the number of PCR cycles it took to detect a fluorescent signal (in this case 

SYBER Green) that crossed the threshold of detection relative to the background level. This 

means that a lower Ct value indicates that it took fewer cycles to detect the product relative to 

background levels. It is also possible to relate the PCR signal to a standard curve to quantify the 

copy number of the gene after the PCR reaction.  

Despite the unprecedented level of sensitivity offered by real time PCR, there are some 

drawbacks with this technique. Successful PCR tests will require extensive preparation and 

optimization to ensure primers will function correctly. SYBER Green will bind to any double 

stranded DNA, including primer-dimers. Any contamination of genomic DNA in the reaction will 



21 
 

also generate false positives and because of the amplification involved, even slight 

contamination can completely alter Ct values. Additionally, the process is limited by the use of 

one primer pair in any one reaction, as SYBR Green will bind and fluoresce indiscriminately to 

any products. In this thesis, I used measurements of pre-mRNA and mRNA via real time PCR for 

bioenergetics genes as an index of the rate transcription in goldfish because of this method’s 

unprecedented level of sensitivity and allowance of the use of very small concentrations of 

starting cDNA.  

1.4.2.3 Nuclease-protection assay 

Nuclease protection assays take advantage of the unique characteristics of nuclease 

enzymes that target single stranded RNA. Nuclease protection assays involve the isolation of 

total, single stranded, cellular RNA (<100 µg RNA) through any one of various standard 

protocols. Radiolabeled oligonucleotides designed to target the mRNA of interest are then 

introduced into the solution and hybridize with their respective transcript targets. Nuclease 

enzymes are added to the solution and degrade any single stranded RNA that was not bound by 

an introduced oligo. Hence, the ‘nuclease-protection’ of the transcript target. In a single step, 

the nucleases are then deactivated and the remaining RNA transcripts are precipitated. The 

product is then run on a denaturing polyacrylamide gel and visualized through autoradiography.  

This procedure is highly sensitive and allows the use of up to a dozen probes in the same assay, 

making it efficient when attempting to measure many mRNA targets simultaneously. The 

probes used in NPA must be highly homologous to the target mRNA sequence, making it 

unlikely that any cross-species designed probes will function correctly or assays involving 

intronic sequence. Additionally, the procedure leaves little choice in probe type, often requiring 



22 
 

a specific probe (DNA/RNA) depending on the nuclease used in the assay (S1 nucleases/ 

ribonucleases). The biggest drawback in using NPAs is that it is difficult to distinguish transcript 

size. The size of the product in the assay is determined by the length of the probe and not the 

target mRNA itself, as anything single stranded will be degraded, even that which hangs over 

the edge of a bound probe.  

1.4.3 Methods for measuring transcription rate 

While northern-blotting, PCR and nuclease-protection assay analysis are sensitive and 

useful in measuring mRNA levels, they do not reveal transcription rate. Instead methods are 

used that target mRNA during its synthesis, separating that mRNA in the process of being 

produced from the pool of pre-existing mRNA. Nuclear run-on assays rely on analyzing 

transcripts in the process of transcription, whereas the approach I will use analyzes the levels of 

primary transcript, or pre-mRNA.   

1.4.3.1 Nuclear run-on assay 

Nuclear run-on assays are a powerful tool to measure transcript synthesis 

independently of transcript stability. Although the process can distinguish between rates of 

synthesis of transcripts without the added convolution of their degradation, the protocol takes 

immense amounts of skill and practice. The assay begins with the collection of cell samples that 

would theoretically contain varying steady-state levels of mRNA. The cells are chilled and the 

cell membrane is lysed or made permeable while the nuclei are kept intact. Adding Sarkosyl to 

the nuclei blocks the binding of RNA polymerase to initiate the transcription of new transcripts, 

but it does not inhibit units that were already bound at the time the nucleus was isolated. The 

sample of cell nuclei is then incubated at 37oC in the presence of radiolabeled UTP and NTPs, 
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allowing the elongation of the transcripts to ‘run-on’. During this incubation, the radiolabeled 

nucleosides are incorporated into the continued elongation of the new transcripts. The number 

of nascent transcripts that incorporated the radiolabeled nucleosides is presumed to be 

proportional to the rate of synthesis of that transcript. Individual transcript synthesis is 

measured by purifying the radiolabeled RNA transcripts and hybridizing them to 

complementary DNA oligos bound to a membrane.  Nuclear run-on assays have a high degree 

of specificity for measuring transcription rate, as the frequency of labeled transcripts is relative 

to the initiation of their transcription, avoiding any convolution involved with changes in 

degradation rate. Additionally, depending on which DNA oligos are prepared on the membrane, 

multiple potential genes of interest can be measured in the same assay. When used in 

conjunction with assays that measure processed mRNA targets, such as northern-blots, a clear 

indication of the regulatory mechanisms between transcription and post-transcription can be 

established for a given gene as a condition of varying physiological challenges.   

1.4.3.2 Measurement of pre-mRNA 

The transcription of intron and exon sequence results in the formation of a pre-mRNA 

transcript. The splicing of the intron sequence occurs within minutes of synthesizing the 

nascent transcript before being modified into mRNA and moved into the cytoplasm (Clement et 

al., 1999; Wetterberg et al., 2001). This process ensures that the levels of pre-mRNA are mainly 

determined by their rate of transcription, whereas the levels of mRNA are regulated by many 

more mechanisms (see 1.3). It is also because of this that pre-mRNA are inherently unstable, 

and likely make up a fraction of the total RNA in a cell. It is because of these reasons that the 

numerous benefits of qPCR have been applied to study the levels of pre-mRNA as an index of 
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the rate of transcription in this thesis. In addition, measuring pre-mRNA as an index of 

transcription has been utilized successfully in previous research (Ponzio et al., 2007). 

1.5   Regulation of exercise-induced remodelling of muscle in fish 

In this thesis I am using exercise-induced muscle remodelling as a paradigm for 

exploring the relationship between transcription and transcript levels. There is a rich history of 

study of training-induced muscle remodelling, so I know that given a challenge of sufficient 

strength and duration, that animals remodel muscle to improve energetic efficiency (Beamish, 

1978; Wood 1991; Moyes and West, 1995; Milligan, 1996; McClelland et al., 2006; LeMoine et 

al., 2010).  

In mammals, muscle tissue is often heterogeneous and it is difficult to distinguish 

between fibre types. Fish, with anatomical separation of fast and slow muscle, permit me to 

assess the influence of both muscle fibre type and exercise intensity on expression of 

bioenergetics genes. Since fish offer abundant, distinct and anatomically separate muscle 

fibres, it is possible to distinguish between fibre-type specific remodelling during steady-state 

and burst swimming treatments (Milligan, 1996). 

A fish’s ability for locomotion is extremely important. Many fish rely on movement for 

migratory behaviour, reproduction (Drucker, 1996) and predator-prey interactions (Videler, 

1993).   A significant amount of study has been done in the past fifty years to explore the 

practical swimming capability of fish as well as physiological processes during this kind of 

exercise (Brett, 1964; Davison, 1989; Hammer, 1995). Fish are useful model organisms for this 

because unlike amphibians and reptiles, which are difficult to make exercise and study because 
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of metabolic restrictions (Bennett, 1978; Gleeson, 1979), fish can be forced to swim at known 

speeds. Fish are also capable of both aerobic exercise through steady-state swimming and 

anaerobic exercise through burst swimming, both of which have been studied in the context of 

muscle remodelling (Beamish, 1978; Wood 1991; Moyes and West, 1995; Milligan, 1996). 

Recent studies have focused on the genetic, biochemical and molecular effects of exercise, 

muscle remodelling and energy sensing (Zwetsloot et al. 2008; LeMoine et al., 2010; Morash et 

al., 2014; Magnoni et al., 2014).  

1.5.1 Studying fish swimming physiology in the lab 

Studying muscle kinetics in a laboratory setting has challenges. Several reviews of 

studies concerning exercise methodology (Davison, 1989; Hammer, 1995; Davison, 1997; Plaut, 

2001) have attempted to make sense of incredible amounts of data involving varying species of 

fish, strategies to test submaximal swimming capability and the measurements of various 

physiological processes. There is no consensus on the best and most reproducible methods, and 

studies have utilized a wide array of different techniques, making it challenging to compare 

between studies. Most studies rely on some sort of reference parameter and the most common 

is the critical swim speed (Ucrit). The definition of this does vary between studies, but in 

general it is the maximal speed that a fish can sustain for a defined period.  

Brett (1964) was the first to design exercise tests to measure a fish’s submaximal 

swimming capability. The process involved placing fish into water and increasing swim speed 

incrementally over set time intervals to measure Ucrit. The length of the time intervals has 

varied considerably in studies from 2 minute intervals with bluegills (Oseid and Smith, 1972) to 
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75 minute intervals with juvenile sockeye salmon (Brett, 1964). Dahlenberg (1968) suggested 

utilizing 10 minute time intervals if the only value required is Ucrit is, but Beamish (1980) found 

no significant difference in Ucrit using 5, 10 or 75 minute time intervals with Arctic charr. Using 

blacknose dace, Nelson (2001) also determined time intervals of 5 minutes were sufficient to 

produce repeatable Ucrit values.   

One of the reasons why determining Ucrit is critical is that at different swim speeds, fish 

recruit differ muscle fibres. When studying exercise metabolism, it is important to keep in mind 

the roles of the muscle types and how they differ in both exercise and recovery. Fish have a 

strip of red muscle along the lateral line. This is composed of slow-twitch fibers that are 

primarily fuelled by aerobic metabolism (OXPHOS). This muscle is recruited during sub-maximal 

exercise bouts where the efficiency of OXPHOS is advantageous. Conversely, white muscle is 

composed of fast-twitch fibers that are primarily fuelled by anaerobic metabolism during 

periods of acute, intense exercise. As water velocity increases, fish trigger red muscle to 

contract at higher frequency. After a point, the red muscle is unable to contract fast enough 

and/or generate enough force to propel the fish at the required velocity. At this threshold, fish 

begin to recruit white muscle. Thus, in studying the whole body effects of a mode of exercise, it 

is important to have some appreciation for this threshold because it influences which fibres and 

fuels are used. With burst exercise, most studies achieve maximal capacity of white muscle by 

chasing the fish, typically to exhaustion. It is widely held that exhaustion is reached at the point 

where carbohydrate reserves are expended.  
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1.5.2 Kinetics of remodelling of muscle energetics  

When exercise is sufficiently intense and frequent, fish (like mammals) remodel their 

muscles to be better suited to the activity (Johnston and Moon, 1980; Farrell et al., 1990). Since 

so much of sustained exercise is aerobic, mitochondrial biogenesis in muscle is an important 

response to exercise stress to ensure that energy demands are met in the cell. There are many 

similarities in the response to exercise training and cold acclimation. Unlike changes in 

temperature, where an animal can remodel in response to a constant environment, exercise 

induced remodelling is a complex response that reflects cyclical periods of stress and recovery 

or periods of endurance, chronic activity. Nonetheless, it is likely that many of the factors that 

regulate mitochondrial biogenesis work in a similar manner when remodelling in response to 

exercise and cold. Control of mitochondrial biogenesis focuses on two main perspectives. First, 

there is the question of how energetic shortfalls are sensed by the muscle (Morash et al., 2014; 

Magnoni et al., 2014). The most commonly identified sensor is AMP-activated protein kinase 

(AMPK).  Second, there is the question of how the transcriptional networks are regulated 

(Ljubicic et al., 2010; LeMoine et al, 2010a; Morash et al., 2014). Despite the recent advances in 

understanding the process in fish, mammals remain better studied. There have been a number 

of studies that suggest the process is regulated differently in fish and mammals, particularly in 

regards to the role of the co-activator PPAG gamma co-activator one alpha (PGC1) (Bremer, et 

al., 2014; LeMoine et al., 2010a; Morash et al., 2014; Magnoni et al., 2014). 

AMPK is well known to be involved in energy homeostasis in mammals (Hardie and 

Sakamoto, 2006), and is implicated in the mobilization of energy reserves in fish (Magnoni et 

al., 2014). AMPK stimulates the metabolism of fatty acids, inhibits lipogenesis and works to 
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increase glucose uptake in liver and muscle in mammals (Hardie and Sakamoto, 2006), but its 

precise role in swim training in fish remains mostly unclear (Magnoni et al., 2014). As the 

putative master regulator of energy production, AMPK upregulates major metabolic pathways 

including PPARα and PGC-1α expression, CS activity, HXK expression, carnitine 

palmitoyltranferase (CPT I) and β-hydroxyacl-CoA dehydrogenase (HOAD) (Morash et al., 2014). 

AMPK is a heterotrimeric enzyme with a catalytic subunit (α) and two regulatory subunits (β/γ) 

that act as molecular fuel sensors in the muscle cells. The skeletal muscle of swim trained fish 

will use AMPK to mobilize lipid and glucose metabolism to maintain energy homeostasis during 

exercise. AMPK senses energy homeostasis by becoming activated through phosphorylation 

when the AMP/ATP ratio increases due to exercise (Jørgensen et al., 2006), this ultimately 

results in the regeneration of ATP levels and the inhibition of non-essential biosynthetic 

pathways. The mRNA levels of AMPK target genes, lipoprotein lipase (LPL), responsible for the 

breakdown of triglycerides and palmitoyltransferase 1β1b (CTP1β1b), responsible for regulating 

entry of fatty acids into the mitochondria, both increase significantly in swim trained trout, but 

only in red muscle, despite evidence the putative master regulator AMPK is upregulated in both 

muscle types in fish (Magnoni et al., 2014). Despite equivocal results for PGC1α in fish 

(McClelland et al., 2006; LeMoine et al., 2010; Bremer et al., 2014), PPARs (PGC-1α) are heavily 

involved in mitochondrial biogenesis in mammalian muscle (Price et al., 2000; Baar et al., 2002).  

PPARs are nuclear based receptors that become activated by high levels of unsaturated 

fatty acid ligands, inducing the expression of genes required for metabolism of lipids (Price et 

al., 2000) which would be a significant source of fuel for fed, chronically exercised fish (Morash 

et al., 2014). PPAR-α/β1 and their DNA binding co-activator PGC-1α (Koves et al., 2005) are 
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elevated in mammalian muscle remodelling from exercise, and play a role in regulating fatty 

acid metabolism (Gulick et al., 1994; Vredendaal et al., 1998), but the same changes were not 

seen by McClelland et al., (2006) in exercised zebrafish. Exercise trained zebrafish showed 

significant decreases in mRNA levels for PPAR-α/β1 and no change in mRNA levels for PGC-1α 

(McClelland et al., 2006). It was theorized by McClelland et al., (2006) that temporal patterns 

may play a role in this process that circumvented their measurement (see 1.5.3); recent 

evidence does suggest that complex temporal and spatial patterns exist in the expression 

pathways of PGC-1α (LeMoine et al., 2010a) and possibly for PPAR-α as well (Morash et al., 

2014). All vertebrates possess a PGC-1α gene, but its role in fish mitochondrial biogenesis may 

have been altered compared to mammals and birds because of different evolutionary rates 

between PGC-1α and its DNA binding protein NRF-1. Major insertions in fish NRF-1 putative 

PGC-1α binding domain imply a loss of coordinated function (LeMoine et al., 2010b), suggesting 

that NRF-1 and PGC-1α transcriptional regulation in mitochondrial remodelling has been lost in 

fish. This theory agrees with evidence that exercise trained zebrafish show no change in PGC-1α 

mRNA despite a 4-fold increase in NRF-1 mRNA (McClelland et al., 2006), but conflicting data 

suggests PGC-1α expression may be involved, but it is tissue localized and time specific 

(LeMoine et al., 2010a). While it is clear TFs provide strong evidence of muscle remodelling, it is 

important to note that assessing them at a static point in time may be a poor indicator of their 

overall patterns of expression in exercise trained fish. 

The extensive network of genes required to produce mitochondria is thought to be 

coordinated by so called “master regulators”- transcription factors that regulate suites of genes 

in parallel. Many such master regulators have been suggested in mammalian studies, including 
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NRF-1/2, PPARs, PGC-1α as well as AMPK in mitochondrial biogenesis and metabolic 

remodelling (Mathai et al., 2008; Perry et al., 2010; Puigserver and Spiegelman, 2003), but 

while some of these constituents are involved, it appears fish may regulate the process in a 

different manner compared to mammals. 

1.5.3 Changes in mRNA of bioeneregtic genes and their regulators in response to exercise 

training 

Most studies looking at the regulation of changes with exercise training consider the 

patterns that arise after many days or weeks of repeated activity. For example, looking at 

rainbow trout Morash et al., (2014) observed an increase in transcripts for AMPK (10 fold), 

PPARα (36 fold), HXK (15 fold), and CPT 1 (13-38 fold, depending on isoform) isoform 

transcripts in red muscle after 1 week training, and all of these genes reverted to control levels 

2 weeks after training ceased. Magnoni et al., (2014) exercised rainbow trout for a 40 day 

period and observed an increase in mRNA for AMPK (3.9 fold) in red muscle and white muscle 

(2.2 fold). They also found significant increases in mRNA levels for lipoprotein lipase (LPL), CS, 

PGC-1α and CPT1β.  LeMoine et al., (2010) exercised zebrafish acutely and over an 8 week 

period, assessing the level of putative transcriptional regulators and mRNA of CS in each muscle 

fibre type at various points of time. After 1 week of exercise, the mRNA expression of CS was 

unaffected in red muscle, but doubled in white muscle and remained elevated after 8 weeks of 

continued exercise training. The transcript levels of metabolic gene coactivators PGC-1α/β 

increased 4 fold after 1 week of training in both muscle types, but decreased to baseline levels 

after 8 weeks of exercise. Interestingly, the transient expression but rapid decay of PGC-1α/β is 

a distinct trend in fish compared to mammals, where mammalian studies show sustained levels 
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of PGC-1α well into 16 weeks of exercise and decreases in PGC-1β (Goto et al., 2000; 

Mortensen et al., 2007; Pilegaard et al., 2003; Short et al., 2003; Taylor et al., 2005). Although 

these studies have provided insight into the genetic regulation of the slow remodelling process, 

the differences in half-lives for mRNA and protein mean that it takes a long time for a change in 

mRNA to result in a change in protein levels, even when the process is transcriptionally 

regulated. This temporal disconnect between transcription and protein synthesis during chronic 

exercise has been observed in fish (LeMoine et al., 2010) and mammals (Mathai et al., 2008; 

Perry et al., 2010). It has been suggested that mitochondrial remodelling of the muscle can 

occur in 1 to 4 weeks of exercise (Farrell et al., 1990; McClelland et al., 2006; Palstra et al., 

2010). Consider that despite many fold increases in mRNA for CS and HXK were seen within a 

week, it took 4 additional weeks of exercise before the enzyme activity of these proteins 

significantly increased in the red muscle (Morash et al., 2014).  

What remains unclear in these studies is exactly how a bout of exercise influences 

changes in gene expression. Training is a series of individual exercise bouts repeated at 

intervals. It is not clear if the patterns seen after a week of daily exercise is the result of the 

some sort of time averaged response to the individual bouts or whether it is an acute response 

to an accumulation of damage and derangement following a week of training. Thus, it would be 

useful to assess the acute effects of a single bout of exercise on the pathways that are known to 

change with exercise training. Like activity, transcription and translation demand energy. For 

example, a fish undergoing an intense and exhaustive bout of exercise may require all the 

available energy to meet the demands of the activity, and remodel muscle during recovery 
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when energy is available again. By assessing transcription of pre-mature transcripts as well as 

mature transcripts, I am able to better understand the timing of the remodelling response.  

1.5.4 Muscle metabolites in burst swimming  

 Fish have considerable capacity for aerobic, sustained swimming as well as anaerobic, 

burst swimming (Beamish, 1978; Wood, 1991; Moyes and West, 1995; Milligan, 1996). Daily 

swimming activity would be primarily powered by aerobic, red muscle fibre (Beamish, 1978), 

but there are intense periods of exercise that overcome this steady-state. While most fish 

naturally rely on the ability to sprint as a defense mechanism, it is important to recognize the 

diversity of swimming ability between fish species. Burst swimming can only be maintained for 

short periods of time prior to exhaustion, followed by a period of recovery that typically 

involves the replenishment of muscle metabolites (Milligan, 1996; Wang et al., 1994) whose 

concentrations in the muscle may be critical in determining burst swimming potential (Moyes 

and West, 1995).  

Burst exercise in fish is fuelled by glycogen, phosphocreatine (PCr) and ATP that are 

stored in the white muscle (Kieffer, 2000). Unlike in mammalian systems, glucose is not readily 

absorbed by muscle tissues and is not heavily involved in energy mobilization efforts, rather a 

metabolic shift to fat usage is preferred in fish (Davison and Goldspink, 1977; Johnston and 

Moon, 1980). The first seconds of burst swimming are fuelled by available PCr and ATP in the 

white muscle, but these reserves are quickly depleted (Dobson and Hochachka, 1987). The 

majority of ATP required for burst swimming following these first few moments is produced 

through the breakdown of glycogen reserves (Dobson and Hockachka, 1987; Wood, 1991) 
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whose physiological consequences are numerous. The breakdown of glycogen results in the 

production and accumulation of lactic acid in the muscle, which dissociates rapidly into lactate 

and metabolic protons (Wood, 1991; Wang et al., 1994; Kieffer, 1995; Milligan, 1996) and both 

can then leak into the bloodstream (Milligan and Wood, 1987; Wang et al., 1994; Kieffer, et al., 

1994; Wilkie et al., 1996). The leaked metabolic protons cause a reduction in muscle and blood 

pH (Milligan and Wood, 1987; Wang et al., 1994; Kieffer et al., 1994; Kieffer, 1995) and the 

lactate may be reabsorbed by muscle cells and consumed to produce additional glycogen or 

ATP (Lanctin et al., 1980; Milligan and Farrell, 1991). By retaining the lactate within the muscle 

tissue, fish are able to channel the carbon back into energy production without losing it during 

transport to the liver (Milligan, 1996). Clearing muscle lactate and restoring muscle glycogen is 

important during metabolic recovery, and stress hormones play a role in this process. 

1.5.5 Stress hormones in the metabolic recovery of swim trained fish 

Compared to mammals, amphibians and reptiles, fish have been observed to have very 

poor rates of metabolic recovery that may be linked to levels of stress hormones (Gleeson, 

1991). Part of the poor recovery in fish is attributed to lower body temperature (Kieffer et al., 

1994), but exhaustive exercise also results in elevated levels of circulating stress hormones that 

may regulate metabolic recovery positively and negatively. Exhaustive exercise is known to 

increase the levels of the circulating stress hormones corticosteroids (e.g. cortisol) and 

catecholamines (e.g. noradrenaline and adrenaline) (Gamperl et al., 1994; Milligan, 1996). 

Catecholamines are implicated in regulating oxygen delivery to tissues and mobilizing energy 

stores (Tang et al., 1989) and cortisol is implicated in inhibiting the recovery process by 

interfering with blood lactate clearance and glycogen restoration in muscle (Pagnotta et al., 



34 
 

1994). An increased cortisol level has implications in the expression of genes that have 

glucocorticoid response elements. The stress response in teleost fish is very similar to terrestrial 

vertebrates and influences important systems that support swimming in a fish; with evidence 

that oxygen uptake, mobilization of energy substrates and reallocation of energy reserves are 

affected by stress hormones (Bonga, 1997). 

Most studies have found that metabolic recovery after exercise in fish, as measured by 

the concentration of blood lactate and glycogen returning to control levels, takes anywhere 

from 8 hours to 24 hours (Black, 1957, 1958; Black et al., 1959, 1960, 1962, 1966; Turner et al., 

1983; Milligan and Wood, 1986; Dobson and Hochachka, 1987; van Dijk and Wood, 1988; Tang 

and Boutilier, 1991; Ferguson et al., 1993; Wang et al., 1994). It has been shown that after 

pharmacological inhibition of cortisol levels in exercised fish, metabolic recovery is 4-10x 

quicker (Milligan et al., 2000). The elevated level of cortisol post-exercise may be the result of 

holding recovering fish in still water, and not entirely because of the exercise itself. Previous 

research has found swimming fish show significantly lower plasma cortisol levels compared to 

fish in still water (Boesgaard et al., 1993; Postlethwaite and McDonald, 1995), but the 

metabolic implications were not clear. Milligan et al., (2000) demonstrated that, after 

exhaustive exercise, recovering rainbow trout held in a low velocity current (0.9 BLs-1) showed 

markedly improved metabolic recovery rate. Fish that were lightly swam in recovery showed 

complete muscle glycogen recovery and clearance of blood lactate levels in 2 hours, compared 

to 6 hours in fish recovered in still water. Although there has been progress on understanding 

the physiology behind fish energy mobilization, much less is known concerning the kinetics of 
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muscle remodelling and which pathways are involved in signalling the need to express the 

necessary genes to accomplish this.  

1.6 Thesis goals and hypotheses 

The focus of this thesis will be on understanding how the expression level of both 

mature and pre-mature transcripts changes in select metabolic genes of goldfish (Carassius 

auratus) during sustained and exhaustive exercise stress. This will apply context as to how fish 

that are naïve to demanding exercise alter transcription as a response to the increase in energy 

demand short term. In this thesis, I have used measurements of pre-mRNA and mRNA via qPCR 

for bioenergetics genes as an index of the rate of transcription, enabling me to better 

distinguish between changes in transcript levels versus transcription rate, assess how exercise 

intensity affects transcript level acutely, and assess transcription during a recovery period post-

exercise. I am framing my thesis around five hypotheses: 

1. Activity will cause increases in transcription of bioenergetics genes, evident as changes in 

pre-mRNA levels but not transcript levels.  Given that the half-life of mRNA for enzymes is 

probably in the 4 h range, it is unlikely that there is sufficient time for a sustained increase in 

transcription to manifest as a change in transcript levels.   

2. The expression of OXPHOS genes will increase in both muscles fibres in endurance 

exercise but glycolytic gene expression will increase in white muscle only. Over the course of 

endurance exercise, it is expected that both muscle types will remodel in an effort to meet the 

increased energy demand by expressing key OXPHOS genes. Glycolytic gene expression is 

expected to increase only in white muscle tissue because white muscle is considered the fast-
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twitch muscle and is primarily fuelled by anaerobic metabolism during periods of acute 

exercise.  

3. The magnitude of the response will increase with exercise intensity. It is expected that 

increasing the intensity of the exercise will produce increasingly higher expression levels of 

bioenergetics genes.  

4. The expression of the genes that do change will change during recovery but not during 

exercise.  During exercise, I expect that adaptive remodelling is too expensive to initiate while 

the animal is prioritizing ATP to support activity. Teleologically, it makes sense that the cell can 

only “afford” to remodel during recovery.  

5. White muscle tissue is fast twitch and largely fuelled by anaerobic metabolism when 

short, but intense bouts of exercise are required. Anaerobic metabolism is quick and therefore 

necessary to meet this demand. For this reason, it is expected that glycolytic transcripts will 

increase after exhaustive exercise in white muscle and that a recovery period will be necessary 

to allow the fish time to afford to increase transcription. 
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Chapter 2: Materials and Methods 

2.1   Animal care  

Goldfish (Carassius auratus) were obtained from a local pet store and held in 750 litre 

(diameter: 132 cm, height: 75 cm), blue, plastic holding tanks and a 650 litre (length: 210 cm, 

height: 57 cm, width: 55 cm), green, living stream both setup as a flow-through system with 

dechlorinated water in the Queen’s University (Kingston, ON) animal care aquatic facility. Water 

temperatures were maintained between 20-24oC in each tank. They were fed once daily, ad 

libitum, with Laguna Goldfish & Koi Food (small pellets) and kept on a 12h light/12h dark 

photoperiod. Each new group of fish was treated with formalin (25 ppm by volume) to cleanse 

the tank of any ectoparasites. Incoming water would be turned off and the tank would be 

drained to half volume before appropriate amount of formalin was introduced. The tank would 

be left for a 24 h period with aeration. After the 24 h period, the water was turned back on to 

circulate out the formalin for another 24 h period. The formalin treatment would be repeated 

this way two more times. Fish ranging from 5-7 cm were used in this study. 

2.2   The swim tunnel 

Steady-state exercise was performed in a cylindrical swim tunnel (diameter: 16.5 cm, 

height: 104 cm) located in the animal care aquatic facility in Queen’s University. They were 

exercised in groups of 8-12 fish at the holding temperature. The fish were given 10 min to 

become accustomed to the apparatus before the water flow was turned on. The swim tunnel 

was covered in dark plastic for the duration of any test.  
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2.3   Finding Ucrit 

A reference swim speed was required in order to test the goldfish’s response to exercise 

intensity. Maximum sustainable swim speed without failure (Ucrit) for goldfish was determined 

according to the formula outlined by Brett, (1964): 

Ucrit = Ui + (Ti / Tii * Uii) 

where Ucrit = the critical swim velocity, Ui = the highest velocity maintained for a full 

time interval, Ti = time of failure at final velocity increment, Tii = time of interval length and Uii = 

velocity increment used for each interval. The formula used 5 min time intervals (Tii) with 5 

cm/s velocity increments per interval (Uii). One fish was placed into the swim tunnel and given 

10 min to become accustomed to the apparatus before the Ucrit test would start. A fish was 

determined to fail when it remained on the rear grate for at least 20 sec. The average Ucrit of 5 

fish determined the final Ucrit value (41.5 cm/s), which was utilized as a reference point for the 

subsequent exercise tests. The mean Ucrit established for the goldfish is reasonable. Plaut 

(2000) reports that Ucrit for zebrafish of similar length to the goldfish used in this study, using 

the same velocity increments and time intervals for the Ucrit test, was found to be 56 cm/s, a 

figure further corroborated by Palstra et al., (2010b).  

2.4   Exercise treatments 

For all tests based on sustained exercise, the fish were sampled at two time points: 

immediately post-exercise and after a 1 h recovery. Swimming tests were performed at 50%, 

65%, 80% and 95% of Ucrit. After each exercise run, half the fish were sampled immediately 

and half were permitted to recover in a separate tank. Liver, heart, red muscle and white 
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muscle was excised, frozen in liquid nitrogen then stored at -80oC. For a control, fish were 

placed in the swim tunnel for a 3 h time period prior to being euthanized, but no water flow 

was activated in the swim tunnel for the duration. For all treatment groups assessed, a sample 

size of 8 fish was desired, but in some cases, sample size was reduced due to circumstances 

such as a fish failing to remain swimming for the duration of exercise. However, no treatment 

group tested had a sample size lower than 5. 

For the exhaustive exercise test on white muscle, 24 fish were exhausted by chasing 

them by hand until they showed signs of a loss of equilibrium (5-8 min). Eight of these fish were 

immediately euthanized, another 8 were left to recover in a separate tank for 1 h before being 

euthanized and an additional 8 were left for 3 h. Eight control fish for this test were not 

exercised at all. Only white muscle was collected and kept on liquid nitrogen before being 

stored at -80oC. 

All fish in this study were euthanized in 2 L of buffered tricaine methanesulfonate (TMS 

0.4 g/L, 0.8 g/L sodium bicarbonate). The spine was severed after the fish experienced a loss of 

equilibrium and the gill operculum stopped moving. 

2.5   RNA extraction and cDNA synthesis 

RNA was isolated from red and white muscle tissue samples using TRIzol reagent 

(Invitrogen, Carlsbad, CA, USA). Tissue (50 mg) was added to 1 mL TRIzol reagent. For any 

samples with less than 50 mg of available tissue, 0.5 mL TRIzol was used. Samples were 

homogenized using an electric tissue homogenizer. After 5 min at room temperature, 

chloroform was added (0.2 mL /1 mL TRIzol). The samples were shaken vigorously by hand for 



40 
 

15 sec and were left for 3 min. After centrifugation (30 min at 12,000 xg at 4oC) the aqueous 

layer was collected and mixed with 0.5 mL isopropanol/1 mL and incubated overnight at -20oC. 

The samples were centrifuged at 12,000 xg at 4oC for 10 min and the supernatant mixed with 1 

mL of 75% ethanol per 1 mL TRIzol, vortexed and centrifuged at 7,500 xg for 5 min at 4oC. The 

supernatant was discarded and the samples were left to air dry for 10 min. The RNA was then 

resuspended in 40 µL RNAse free water and placed on ice for 30 min. After a 15 min water bath 

at 60oC, the samples were stored at -80oC. All white muscle samples were powdered in a 

mortar and pestle with liquid nitrogen prior to RNA extraction, but red muscle was not due to 

the lower available amount. RNA was reversed transcribed to cDNA using the QuantiTect 

Reverse Transcription Kit (Qiagen, Valencia, CA, USA) with 1 µg RNA in a 20 µL reaction, as per 

the manufacturer’s instructions. RNA was quantified spectrophotometrically (Spectra MAX Plus, 

Sunnyvale, CA, USA) at 260 nm for this purpose. All cDNA was stored at -20 oC. 

2.6   Genomic DNA extraction 

A phenol/chloroform extraction was utilized to isolate genomic DNA. The goldfish tissue 

sample (50 mg) was mixed with 500 µL (10 volumes) 1x DNA extraction buffer (0.1 M Tris, 0.5 M 

NaCl, 50 mM EDTA) and 15 µL proteinase K (0.2 mg/ mL final). The sample was incubated at 

55oC for 19h to digest any proteins. RNA was then digested with 10 µL RNAse (100 µg/ mL) and 

incubated for 1 h at 37oC. An equal volume of phenol:chloroform:isoamyl alcohol (25:24:1) was 

added and mixed vigorously. The sample was then centrifuged at 15,000 xg for 10 min and the 

upper aqueous phase was transferred to a fresh tube. Half a volume of ammonium acetate (7.5 

M) and 2 volumes of ice-cold 100% ethanol were added. The sample was stored at -20oC for 30 

min, centrifuged at 13,000 xg for 15 min. The supernatant was discarded and the DNA pellet 



41 
 

was washed with 70% ethanol, and allowed to air dry before being suspended in TE buffer (pH 

8.0).   

2.7   Measuring goldfish transcript synthesis  

Since the goldfish genome has not been published, most of the sequences for mRNA 

and pre-mRNA needed to be cloned and sequenced. In general, primers were developed using 

zebrafish sequences over regions highly conserved in fish. The PCR product was sequenced and 

their sequences were then used to design PCR primers that distinguished between mature and 

pre-mRNA. 

2.7.1 Cloning novel goldfish gene regions 

As appropriate, gDNA or cDNA was used as template in combination with primers for 

pre-mRNA and mature mRNA, respectively. The PCR conditions were 5 min initial denaturation 

at 95oC, followed by 30 cycles of denaturation (30 sec at 95oC), annealing (30 sec at variable 

temperatures), and extension (1 min at 72 oC), followed by a final 5 min extension at 72oC. The 

primer-specific annealing temperatures are reported in Table 2. PCR products were 

electrophoresed and the DNA band was extracted using the Geneaid purification kit (Geneaid, 

New Taipei City, Taiwan). The purified product was then ligated into the pDrive cloning vector 

(Qiagen, Valencia, CA, USA) and transformed into DH5α competent cells (Invitrogen Carlsbad, 

CA, USA). The transformed bacteria cells were grown on agar plates (0.05 mM IPTG, 0.2 mM X-

gal and 50 ng/ µL ampicillin). Individual colonies were sampled and used to inoculate LB broth 

and grown overnight. The plasmids were then extracted using the Geneaid High-Speed Plasmid 

Mini Kit (Geneaid, New Taipei City, Taiwan). Plasmid inserts were then sequenced (Robarts 
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Research Institute, London, ON, Canada) and aligned with other fish species to confirm the 

homology to the target gene. The gene sequences retrieved in this study are provided in the 

Appendix, other sequences used from previous studies have been cited. 

2.7.2 Method for measuring mature mRNA transcripts and pre-mRNA transcripts in goldfish 

The mature mRNA goldfish primers were designed to produce amplicons of around 

200bps with the forward and reverse primers beginning and reversing within the same exon of 

a target gene transcript. The pre-mRNA goldfish primers were designed to produce amplicons 

of around 200bps with the forward primer and reverse primer beginning on an intron and 

reversing on a neighbouring exon or vice versa. 

All cDNA templates were treated with genomic DNA wipeout provided in the QuantiTect 

Reverse Transcription Kit (Qiagen, Valencia, CA, USA) as per the manufacturer’s instructions. 

This ensured that the primers amplified mRNA transcripts and that the reactions were not 

contaminated with genomic DNA. The effectiveness of these conditions was verified by 

reactions run without an RT step, which verified that no genomic DNA was detectable. This 

quality control was essential to ensure that PCR product using primers for pre-mRNA was 

absolutely dependent on the RT step.  

Real-time PCR analyses were performed on an ABI 7500 Real Time PCR System (Foster 

City, CA, USA) with the cycle profile outlined in Table 1. The 25 µL reactions each contained 2 µL 

of template cDNA (diluted accordingly), 0.3 µm/µL forward and 0.3 µm/µL reverse primer, 12.5 

µl GoTaq Master Mix (Promega, Madison, WI, USA) and 6.5 µl purified water. The efficiency of 

all primer sets was determined with an appropriate dilution series of goldfish template cDNA. 
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Efficiency was acceptable in a range of 1.9-2.1. All samples in real time PCR assays were run in 

duplicate. If the Ct values for a duplicate were more than 0.5 units apart, the duplicate was 

repeated. Primers used in real-time are provided in Table 2.  

Table 1. Cycle profile used for real-time PCR tests.  

Step Temperature (oC) Time Number of Cycles 

Initial Denaturation 

 

95oC 10 min 1 

Denaturation 

Annealing 

Extension 

95oC 

Primer specific 

72oC 

15s 

15s 

34s 

40 

 

Table 2. Primer sequences and optimal annealing temperatures for target transcripts. 

Target Forward (5’-3’) Reverse (5’-3’) Annealing 

Temp. 

(oC) 

Sequence 

source 

COX 4-1 

mRNA 

AGGGATCCTGGCTGCACT TCAAAGGTATGGGGGACATC 59 

 

2 

COX 4-1 

pre-mRNA 

ATTTATCCAGCACGARGCAA ATGAGCCGGTTAACGAACAT 57 

 

2 

CS mRNA TGTCTAAGGAGTGGGCCAAG 

 

TGGCCTTGTTAACTCCCTCA 59 1 

CS pre-

mRNA 

GTCGGCTGTTTTCTCAGGTG 

 

TCCCAGTAACTTGGCCTTGTT 

 

55 1 

HXK 

pre-mRNA 

GGTGCGAGGGAGAAGATGT 

 

CTGCGAGGAAAGATGCATTA 

 

53 1 

HXK mRNA AAAGTGGACAAAGGGCTTCA TCCTCGTACCCACAGGTCAT 59 1 

BACT 

mRNA 

TCCAGGCTGTGCTGTCCCTGTA GTCAGGATCTTCATGAGGTAGTC 59 

 

2 

BACT 

pre-mRNA 

GACTCCAGATGGTCACATGC CGTTGTCAACAACCAGTGC 57 

 

2 

TUB 

mRNA 

AATAACTGGGCCAAAGGTCA TTCATGATGCGGTCAGGATA 53 

 

1 

Sequence source: 1This study, 2LeMoine et al., (2008) 
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2.8    Western blot analysis 

Western blot analyses were conducted on white muscle tissue (control and exhaustion) 

to measure ratio of phosphorylated AMPK (pAMPK) versus total AMPK. There was insufficient 

red muscle remaining to allow me to do the same analyses on this tissue. 

2.8.1 Protein isolation 

White muscle tissue was weighed and suspended in a solution of RIPA buffer consisting 

of 10 mM Tris-Cl (8.0pH), 1 mM ethylenediamine tetra-acetic acid (EDTA), 0.5 mM ethylene 

glycol tetra-acetic acid (EGTA), 1% Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS, 140 mM 

NaCl, 1 µL phenylmethylsulfonyl fluoride (PMSF), 20 µM NaF and 100 µM Na3VO4. A volume of 

1 mL of RIPA buffer solution was introduced to the tissue sample (50 mg-100 mg). Half the 

volume of RIPA buffer was used for samples of less than 50 mg. The suspension was sonicated 

by 2 bursts of 10 sec at 8 KHz using a VirSonic 60 sonicator (Gardiner, NY, USA). The solution 

was then centrifuged at 14,000 xg for 10 min at 4oC. The supernatant of each solution was 

collected and the protein concentration was quantified using a Biorad protein assay with bovine 

serum albumin (BSA) as the protein standard (Biorad, USA). All samples were stored at -80oC.  

2.8.2 Immunoblotting 

The sodium dodecyl sulfate (SDS) polyacrylamide gels were prepared with 

acrylamide/bis-acrylamide (ratio 37.5:1) using a 12% resolving gel and 6% stacking gel. 

Electrophoresis used a running buffer (25 mM Tris, 192 mM glycine, 0.01% SDS) for 1 h at 120 V 

using a PowerPac HC (Biorad, USA). Proteins were transferred from the gel onto polyvinylidene 

fluoride Immobolin-P membranes (Millipore, Billerica, MA) that was soaked in methanol for 5 



45 
 

min before use. Membrane transfer took place in transfer buffer (pH 8.3) made of 25 mM Tris, 

192 mM glycine and 20% methanol. Transfer was executed at 4oC for 1 hour at 100 V in a Trans-

Blot Transfer Cell (Biorad, USA). After transfer, the membrane was incubated in 5% milk with 

TBST (20 mM Tris, 137 mM NaCl, 0.1% Tween-20, pH 7.6) for 1 h at room temperature. 

Following blocking, the membrane was washed once with TBST for 10 min and then probed 

with primary antibodies overnight at 4oC with steady agitation. pAMPK antibody (Cell Signalling 

Technology Phospho-AMPKα (Thr172) (40H9) Rabbit mAb) and AMPK antibody (Cell Signalling 

Technology AMPKα Antibody #2532) both used at 1:1000 dilution which was improved by 

shifting to 1:1000-4000 dilutions. The membrane was washed 3 times for 10 min with TBST 

before adding the secondary antibody (conjugated to horseradish peroxidase) at 1:5000 

dilution. After 1 h at room temperature and under steady agitation the membrane was washed 

2 times for 10 min with TBST before being imaged and quantified. Imaging took place using 

Immobilon Western substrate (Millipore Billerica, MA) and employing a Cell Biosciences 

FluorChem HD2 system (Santa Clara, CA, USA). Immunoreactive proteins were analyzed using 

the band analysis tool AlphaView software (version 3.2.2.0), as per the manufacturer’s 

specifications.  

2.9    Statistical analysis  

All analyses were performed in RStudio™ and Microsoft Excel. Every sample was measured 

in qPCR in duplicate. The final spread for the Ct values for the duplicates was required to be 

within 0.5 Cts. Two housekeeping genes, BACT and TUB were utilized in this study. The 

combined geometric mean of the Ct values for housekeeping genes was calculated for each 

sample. From there, the raw Ct values for all other transcripts were corrected with this value 
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using the Livak method (Delta Delta CT method). In order to test significance, a one-way ANOVA 

was utilized. If significance was observed in the ANOVA, a Dunnett post-hoc test was utilized to 

measure each treatment group against the control. A Dunnett test was required for this study, 

because a single control group was used in the exercise tests. An alpha level of 0.05 was used to 

show significance with error bars representing one standard deviation from the mean.  
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Chapter 3: Results 

3.1  Does transcription reflect transcript level? 

Figure 1 summarizes the comparison of mature and pre-mRNA for a selection of genes, 

including housekeeping genes, and genes for mitochondrial and glycolytic proteins. These data 

were corrected using the geometric mean of TUB and BACT as housekeeping genes. The data 

are reported as a relative level of mRNA (based on amplifying an exon) and pre-mRNA 

(amplified a region including an intron). Each of these measures is expressed scaled to the 

values observed in control (unexercised) fish. 

Figure 1a reports changes in BACT. Relative levels of BACT mRNA do not significantly 

change with any treatment. However, BACT pre-mRNA increased at the highest exercise 

intensity immediately after exercise (2.9-fold, p=0.011) and remained elevated 1 h later (2.7 

fold, p=0.029). Thus, for BACT, an increase in pre-mRNA was seen only at the highest intensity, 

and did not lead to a change in the total pool of BACT transcripts.  

The levels of mRNA and pre-mRNA for COX4-1 were unaffected by exercise (Fig. 1b). At the 

highest exercise intensity, COX4-1 pre-mRNA increased but only after 1 h of recovery (3.6 fold, 

p=0.025). However, this increase in transcription did not result in an increase in COX4-1 mRNA, 

which was unchanged by any combination of exercise intensity and recovery.  

Figure 1c reports that no significant changes in relative mRNA level were observed for CS in 

any treatment group. Relative CS pre-mRNA level showed a significant increase (4.11-fold, p= 

0.014) after recovery at 95% Ucrit, but is not accompanied by a change in CS mRNA.  
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Figure 1. Does transcription reflect transcript level?   
Each treatment group represents the percentage of maximum sustainable swim speed 
maintained for 3 h (%Ucrit) and the time of assessment; immediately post-exercise and after 1 
h of recovery in red muscle tissue. The subscript “p” denotes pre-mRNA in all figures. Data were 
analyzed using a one-way ANOVA followed by a Dunnett post-hoc test. An asterisk denotes 
significance (p<0.05) relative to the control. Data are presented as mean + 1 sd, relative to the 
levels of RNA observed in unexercised control fish.  

 

Figure 1d reports that HXK showed a general increase in relative mRNA from post-exercise 

at 80% Ucrit through to 95% Ucrit. For HXK mRNA, a significant increase (7.75-fold, p=0.036) is 

observed postexercise at 95% Ucrit, but is not accompanied by a significant increase in pre-

mRNA for the same treatment group. However, during recovery from 95% Ucrit, a significant 
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increase (9.58-fold, p=0.0010) in HXK mRNA was observed and this was accompanied by an 

increase in HXK pre-mRNA as well (6.93-fold, p=0.0017). For HXK, an increase in pre-mRNA does 

lead to an increase in the pool of HXK transcripts. 

3.2 Does the ratio of pre-mRNA over mRNA change with exercise intensity? 

Figure 2 summarizes the comparison of the ratio of pre-mRNA over mature mRNA for a 

selection of bioenergetics genes, including housekeeping genes, and genes for mitochondrial 

and glycolytic proteins after various exercise treatments. These data were corrected with the 

geometric mean of TUB and BACT. Each of these measures is expressed scaled to the values 

observed in control fish (unexercised fish). An increase in this ratio suggests that transcription 

has increased beyond the steady-state in the control; it does not take into consideration the 

changing level of mature mRNA.  For example, if both pre-mRNA and mature mRNA increase 

equally, this ratio would not change. 

Figure 2a reports that the ratio of BACT pre-mRNA increased post exercise at 95% Ucrit 

(4.8-fold, p=0.0017) and remained high after 1 h recovery (3.8-fold, p=0.0030). In the case of 

BACT, transcription increases pre-mRNA levels, but this does not lead to a change in mature 

mRNA level.  The ratio of COX4-1 pre-mRNA/COX4-1 mRNA does not significantly change at any 

exercise intensity (Fig. 2b). There was a significant increase in the ratio of CS pre-mRNA/CS 

mRNA post-exercise at 65% Ucrit (5.37-fold, p=0.0030), but no other treatment group changes 

(Fig. 2c). Ultimately, exercise intensity does not affect the transcription or transcript level of CS 

mRNA. Figure 2d reports that the ratio of HXK pre-mRNA/HXK mRNA levels do not change 

significantly at any exercise intensity. Since it is known the levels of HXK mRNA change with 
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exercise (Fig. 1d), this means that increasing exercise intensity increases the transcription of 

HXK pre-mRNA and the level of mature HXK mRNA.  

 

Figure 2. How does the ratio of pre-mRNA over mRNA change with exercise 
intensity?  
The treatment groups represent fish exercised at different swim speeds (%Ucrit) and the time 
of assessment. Data were analyzed with a one-way ANOVA followed by the Dunnett post-hoc 
test. An asterisk denotes significance (p<0.05) relative to the control. Data are presented as 
mean + 1 sd, relative to each respective control.  
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3.3   Does transcription increase after recovery in red muscle tissue? 

Figure 3 arranges the data to see how mRNA levels change as a result of 1 h of recovery. 

These data were corrected with the geometric mean of TUB and BACT mRNA. Each of these 

measures is expressed scaled to the values observed in fish assessed immediately following 

exercise, not the control. Changes in the relative level of mRNA here occur during a period of 

recovery after exercise.  

Figure 3a reports that the level of BACT pre-mRNA transcripts does not change significantly 

after 1 h recovery from exercise at any intensity. The relative level of BACT mRNA decreases 

after recovery at 80% Ucrit (32%, p=0.0042), but remains unchanged at 50%, 65% and 95% 

Ucrit.  

Figure 3b reports that COX4-1 pre-mRNA, relative to post-exercise levels, does not change 

significantly after exercise at any intensity. At 80% Ucrit there is a significant increase in the 

relative level of COX4-1 mRNA after recovery (2.18-fold, p=0.0019), but not for any other 

exercise intensity.  

The levels of CS transcripts were largely unaffected by exercise at any intensity and did not 

change further with recovery (Figure 3c). Interestingly, there did appear to be an effect of 

exercise at 80% Ucrit, with CS mRNA increasing about two fold after exercise (p=0.056) and 

remaining elevated along with an increase in CS pre-mRNA (2.03-fold, p=0.0134) at 80% Ucrit, 

but both remain unchanged in all other treatment groups. After a recovery period of 1 h, CS 

mRNA and pre-mRNA transcripts both increase but only at 80% Ucrit.  
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Figure 3. Do RNA levels increase following 1  h of recovery?  
Transcript levels are from red muscle in fish exercised at different intensities. The data are 
scaled to transcript levels seen immediately following exercise for each respective treatment 
(not shown). Data were analyzed with a one-way ANOVA followed by the Dunnett post-hoc 
test. An asterisk denotes significance (p<0.05) from the levels seen post-exercise. Data are 
presented as mean + 1 sd.  

 

Figure 3d reports that after a 1 h recovery period, the relative level of HXK pre-mRNA 

increases significantly (6.53-fold, p=0.0316) at 80% Ucrit, but remains unchanged at all other 

exercise intensities. There were no observed changes in HXK mRNA after recovery relative to 
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post-exercise levels. After a 1 h recovery period after exercise at 80% Ucrit, HXK pre-mRNA 

increases, but mRNA does not. 

3.4   Effect of recovery periods after exhaustive exercise in white muscle 

Figure 4 shows a comparison of mRNA levels for housekeeping and select bioenergetics 

genes after varying durations of recovery following exercise to exhaustion in white muscle 

tissue. These data were corrected with a geometric mean of TUB and BACT. Each of these 

measures is expressed scaled to the values observed in control fish (unexercised).  

Figure 4a reports that there is no significant change in BACT mRNA level immediately 

following exercise to exhaustion, or after a recovery period of 1 h or 3 h. The level of BACT 

mRNA does however trend slightly downward after 3 h of recovery. 

 Figure 4b shows that there is no change in COX4-1 mRNA levels following exercise to 

exhaustion or after a recovery period of 1 h or 3 h. Figure 4c reports no changes in CS mRNA. 

Figure 4d reports that HXK pre-mRNA and mRNA both showed a general trend to 

increase with increasing recovery period length, but showed no change post-exercise compared 

to the control. The level of HXK pre-mRNA after 1 hour of recovery increases significantly (3.75-

fold, p=0.042), but this is not accompanied by an increase in HXK mRNA. Despite no change in 

HXK mRNA, transcription of HXK likely increased as there was a significant increase in the 

relative ratio of HXK pre-mRNA over HXK mRNA (3.12-fold, p=0.023) after 1 h of recovery. After 

a 3 hour period of recovery, the relative levels of HXK pre-mRNA continued to rise (5.32-fold, 

p=0.0010), and was accompanied by an increase in HXK mRNA (2.26-fold, p=0.0069). The ratio 

of HXK pre-mRNA decreased after 3 h recovery compared to 1 h, but this is likely due to the rise 
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in mRNA levels because a sufficient amount of time had passed to allow maturation of the pre-

mRNA. No other gene transcripts show any significant changes in relative mRNA levels in any 

treatment group. The evidence suggests that white muscle changes gene expression after 

exercise ends, rather than during exercise. Although pre-mRNA changes are detected in as little 

as 1 h, mRNA changes less and is slower to increase. 

 

Figure 4. Does exhaustive exercise change when mRNA is expressed in white 
muscle?  
Each treatment group represents the time of assessment after exercise to exhaustion. Data 
were analyzed using the Dunnett post-hoc test. An asterisk denotes significance (p<0.05) 
relative to control levels. Data are presented as mean + 1 sd, relative to each respective control.  
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3.5   Analysis of relative mRNA levels in white muscle tissue following a 3 hour bout 

of sustainable exercise 

I also looked at the changes in white muscle mRNA in aerobic exercise, but only at the 

highest intensity (Figure 5). These data were corrected with a geometric mean of TUB and 

BACT. Each of these measures is expressed scaled to the values observed in control fish 

(unexercised).  

Figure 5. Does high intensity exercise affect mRNA expression in white muscle?  
Each treatment group represents the time of assessment after 3 h of exercise at 95% Ucrit. 
Data were analyzed with one-way ANOVA followed by the Dunnett post-hoc test. An asterisk 
denotes significance (p<0.05) relative to control levels. Data are presented as mean + 1 sd, 
relative to each respective control.  
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Figure 5a reports that there were no significant changes in relative mRNA levels of BACT 

immediately following a 3 hour bout of exercise at 95% Ucrit. After a 1 hour recovery period, 

BACT mRNA decreased significantly (0.52-fold, p=0.014). Overall, it appears the levels of BACT 

mRNA and pre-mRNA tended to decline into recovery. However, the decrease was not 

accompanied by a significant change in BACT pre-mRNA level or ratio of BACT pre-mRNA.  

COX4-1 mRNA levels do not change post-exercise or after recovery in white muscle 

tissue (Fig. 5b). Figure 5c reports that the levels of CS mRNA show a general tendency to 

increase post-exercise and continue to rise into recovery where they increased significantly 

(1.90-fold, p=0.047). Immediately following exercise, HXK mRNA increases significantly (2.23-

fold, p=0.0054), but this is not accompanied by a rise in HXK pre-mRNA levels. The increase 

observed post-exercise returns to levels that are not significantly different than the control 

after recovery. Overall, HXK mRNA increase immediately following exercise in white muscle, but 

decrease again after a period of recovery. 
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3.6   Activated AMPK protein as a portion of total AMPK after exhaustive exercise 

in white muscle 

Figure 6 summarizes the comparison of the relative ratio of pAMPK protein to total 

AMPK levels. Each of these ratios is expressed scaled to the values observed in control fish 

(unexercised).  

 

Figure 6.  Is there an increase in phosphorylated AMPK after e xercise to 
exhaustion in white muscle? 
Each treatment group represents the time of assessment after exhaustive exercise, where 
“exhausted” denotes assessment immediately following exercise to exhaustion. The control fish 
were not exercised. The ratio represents the activated form of AMPK (pAMPK) as a portion of 
total AMPK all scaled to control levels. Data were analyzed with one-way ANOVA followed by 
the Dunnett post-hoc test. Data are presented as mean + 1 sd.  
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Figure 6 shows that after fish were exhausted, the relative ratio of pAMPK/AMPK 

increases, but not significantly compared to control levels (2.07 fold, p=0.051). This trend of 

increased pAMPK/AMPK then declines after 1 h of recovery back to levels not significantly 

different than the control and continues to trend downward after 3 h of recovery. Since the 

ratio of activated AMPK trends upward in exhausted fish, it is suggested that AMPK and 

upstream AMPK phosphorylating element CAMKK2 and its regulatory element (cAMP 

dependant) PKA plays a role in the fish’s acute adaptation to decreases in ATP after a single 

bout of exhaustive exercise in white muscle. 
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Chapter 4: Discussion 

4.1  Locomotor activity rapidly affects transcription of pre-mRNA but repeated 

exercise is required for an increase in mature mRNA 

Many studies use changes in mRNA to make arguments about how gene expression is 

affected by stressors. This argument is widely recognized to be potentially flawed for a number 

of reasons. It goes without saying that changes in mRNA for a protein do not always reflect 

changes in the levels of the protein, but for researchers interested in control of the gene (rather 

than control of the protein levels) there is a question of whether changes in mRNA necessarily 

reflect changes in transcription. The steady state level of an mRNA is influenced by both rates 

of synthesis and degradation. In my introduction, I expanded on the many ways that post-

transcriptional process can alter the levels of mRNA. For example, at least some of the increase 

in mRNA for COX subunits can be influenced by rates of degradation that differ between mRNA 

for COX and housekeeping genes (Bremer and Moyes, 2012).  

Most studies on stress-induced gene regulation focus on changes in steady state mRNA 

achieved after acclimation to the stressor. For example, the many studies of exercise-induced 

remodeling examine changes in mRNA seen over days to weeks or months (McClelland et al., 

2006; Magnoni et al., 2014; Morash et al., 2014; LeMoine et al., 2010a; Williams et al., 1986; 

Williams et al., 1987). This provides insight into how tissues are remodeled over time, but is less 

informative about the nature of the changes in gene expression arising from the stressor. In my 

study, I focused on contrasting changes in mRNA with that of pre-mRNA, which is a better index 

of rates of transcription. In general, I found that changes in pre-mRNA arising from a single bout 

of exercise did not always manifest as a change in mRNA. For example, Figure 1 show that 
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exercise at 95% Ucrit increased pre-mRNA levels of BACT (2.9-fold post exercise and 2.7-fold in 

recovery), CS (4.11-fold) and COX4-1 (3.6-fold) pre-mRNA significantly, but the level of mRNA 

for each does not change. Studies have found an increase in the expression of metabolic mRNA 

transcripts requires repeated bouts of exercise that takes place over the course of weeks 

(LeMoine et al., 2010a; McClelland et al., 2006), but here I have shown that a single bout of 

exercise will rapidly influence the transcription of select bioenergetics genes. I found that 

locomotor activity increases HXK mRNA (Figure 1d), so the rapid increase in the level of mature 

mRNA depends on the gene. HXK is important for energy homeostasis in anaerobic and aerobic 

metabolism by committing hexose sugars into glycolysis, so it makes sense that there would be 

rapid expression of HXK, rather than the other bioenergetic genes that are more involved in the 

effort to remodel the mitochondria. It should also be noted that PGC-1α mRNA does increase in 

both muscle types within 2h of exercise in zebrafish (LeMoine et al., 2010a), so rapid increases 

in mRNA have been observed. Since PGC-1α is a transcription factor, this could explain the 

rapid increase reported by LeMoine et al., (2010a). Additionally, there is evidence that AMPK 

regulates PGC-1α in skeletal muscle of trout (Magnoni et al., 2014), and here I report that there 

is a rapid increase in the phosphorylation of AMPK (2.1-fold) seen in Figure 6, which 

corresponds to the rapid increase in PGC-1α mRNA in LeMoine et al., (2010a). Taken together, a 

single bout of locomotor activity will increase transcription of select bioenergetic genes within 

hours, but, depending on the gene, chronically high transcription over a period of weeks with 

routine exercise may be required to realize a change in mRNA. 
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4.2 The increase in gene expression is fibre-specific and pathway-specific 

Early studies that have been conducted in the past on swim training in fish have 

addressed determining optimal swim training methodology (Brett, 1964; Hammer, 1995) and 

identifying the fibre-specific purpose of different muscle tissue types that were distinguishable 

in fish (Johnston and Moon, 1980a,b; Wieser et al., 1987; Davison, 1989). When a clearer idea 

on how to reproducibly train fish was established, metabolite and other physiological changes 

that occur as a result of swim training were investigated in muscle types (Wang, et al., 1994; 

Milligan, 1996; Davison, 1997; Kieffer, 1999). Work in the field in the past decade has examined 

transcriptional regulators and bioenergetics genes that are involved in the long term response 

to locomotor activity, and how the patterns in expression differ between muscle fibre-type 

(LeMoine et al., 2010a; McClelland et al., 2006; Magnoni et al., 2014; Morash et al., 2014; 

Bremer et al., 2014) in an attempt to gain a better understanding of how fish alter gene 

expression when modulating energy production. Here, I am interested in identifying early gene 

expression patterns in muscle fibre-type as a result of swim training in goldfish. I have discussed 

some key differences in muscle fibre-type in my introduction, and expect that gene expression 

will be, in part, fibre-specific and pathway-specific. 

To meet varying locomotor demands during exercise, fish rely on fibre-specific muscle 

activity and pathway-specific metabolism. The physiological purpose of white and red muscle is 

well-established in swim trained fish (Johnston and Moon, 1980a,b). Although each muscle type 

responds to chronic swim training differently, there is evidence that long bouts of exercise 

(90%+ Ucrit) recruit both red and white muscle for steady-swimming effort (Webb, 1971a,b; 

Jones, 1982). This highlights the impact that exercise intensity has on the recruitment of muscle 
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fibre. What is not clear about this process is how the expression of bioenergetics genes in each 

type of muscle responds to high intensity swim training in the short term. 

I focussed on the transcriptional activity of key bioenergetics genes in each fibre-type 

following a single bout of exercise at varying intensities. In general, I found short term changes 

in transcription and transcript level is both fibre-specific and pathway-specific in goldfish. For 

example, after a 3 hour swim at 95% of Ucrit (39.4 cm/s) CS mRNA increases 1.9-fold in goldfish 

white muscle in 1 h (Figure 5c). In contrast, LeMoine et al., (2010a) saw a delayed 24 h increase 

in CS mRNA in zebrafish white muscle after a single bout of 3 h exercise at 9 cm/s. These data 

agree that there is an increase in CS mRNA after a single bout of exercise, but the timing of CS 

mRNA expression differs. This could be explained by the different exercise intensities used; 

harder work could incite CS mRNA expression more rapidly. Despite the difference in timing, 

there is an unequivocal drive to increase oxidative capacity in white muscle after a single bout 

of exercise in these fish species. In addition, I found that exhaustive exercise does not lead to 

increased levels of CS mRNA in white muscle within 3 h (Figure 4b), suggesting the delayed 

response requires exercise sustained for at least a period of hours. White muscle is not typically 

associated with aerobic metabolism, but there is evidence that red as well as white muscle can 

be utilized aerobically in fish during intense sustainable exercise (Webb, 1971a,b; Jones, 1982; 

Davison and Goldspink, 1977; Johnston and Moon, 1980a,b). 

After a single bout of exercise at 95% Ucrit, the level of mature CS mRNA in red muscle 

did not increase within 1 h (Figure 1c), but there was a significant 4.1-fold increase in CS pre-

mRNA. The level of pre-mRNA for all the genes tested increased in red muscle (Figure 1), but 
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only HXK pre-mRNA increased in white (Figure 4c). This suggests that each muscle type 

potentially regulates transcription differently, where white muscle relies less on post-

transcriptional control of transcripts resulting in less transcription needed and higher mRNA 

half-lives and red muscle more tightly regulates transcript level post-transcription resulting in 

shorter mRNA half-lives and increased transcription rates. Since the level of HXK pre-mRNA and 

mature mRNA increases in both red and white muscle, the system is also dependant on the 

gene being expressed.  

HXK mRNA increases 7.8-fold in red muscle after intense swimming and continues to 

rise into recovery to 9.6-fold (Figure 1d). For white muscle, HXK mRNA also increases 

significantly post-exercise 2.2-fold at 95% Ucrit, but returns to control levels after an hour in 

recovery (Figure 5d). Similar patterns in HXK expression have been observed. Trout show large 

fold increases in HXK mRNA in red muscle after 1 week of routine exercise, but the same 

increase is not seen in white muscle at these times of assessment (Morash et al., 2014). Here, I 

show that in goldfish red muscle, the level of HXK mRNA increases within hours of a single bout 

of exercise and continues to rise in recovery (Figure 1d), but the acute increase in HXK in white 

muscle following exercise declines in recovery. Taken together, I found that HXK does not 

appear to be regulated in a fibre-specific manner the same way as CS, but this could be 

explained by how ubiquitously important HXK is to energy homeostasis in both muscle types. 

During exercise, regardless of fibre type or pathway-specific metabolism, increasing the amount 

of glucose entering into the glycolytic pathway is beneficial to meet energy demand. 
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4.3 The magnitude of change depends on exercise intensity 

 The extensive research on fish locomotion has largely focussed on studying the effect of 

exercise after sufficient time has passed to establish a steady-state physiologically (McClelland 

et al., 2006; LeMoine et al., 2010a; Palstra et al., 2010; Palstra et al., 2013). This strategy makes 

sense when it is the level of protein and metabolites that are of interest as a result of 

endurance swim training, but shows little in regards to short-term transcriptional activity that 

may change before a steady-state is reached. Swimming fish at sub-maximal intensities ensures 

that the majority of fish exercised will complete the training, and evidence supports that it is 

not necessary to swim fish at near maximum sustainable speeds to see physiological changes. 

For example, metabolic enzyme activity (LDH, CS, COX) increases in skeletal muscle of zebrafish 

in 4 weeks of swim training at only 25-30% of Ucrit (McClelland et al., 2006). There is also 

evidence that a single bout of exercise for 3 h at only low-moderate intensity will result in the 

expression of CS and PGC-1α mRNA in both muscle types (LeMoine et al., 2010a).  

In this study, I assessed transcriptional activity of bioenergetics genes in goldfish as a 

function of exercise intensity by swimming fish at a variety of Ucrit levels. I found that the 

magnitude of transcriptional change depends on the intensity of exercise, where high intensity 

exercise resulted in increased transcriptional activity for the mRNA measured. For example, in 

red muscle, all four genes only showed significantly increased transcriptional activity at the 

highest intensity of exercise (Figure 1). There was a distinct trend for transcriptional activity to 

increase with increasing Ucrit level for BACT pre-mRNA, HXK, COX4-1 pre-mRNA at 80% Ucrit 

and above and CS pre-mRNA at 80% of Ucrit and above. Interestingly, BACT mRNA trends 

downward in red muscle at high exercise intensity when transcription of BACT pre-mRNA 
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increases (Figure 1a), which is highlighted by the rise in BACT pre-mRNA over BACT mRNA ratio 

(Figure 2a). After sustained exercise at high intensity, the level of BACT mRNA significantly 

decreases within 1 h of recovery in white muscle (Figure 5a). Although the change is not 

significant, the same tendency for BACT mRNA to decrease is observed after exhaustive 

exercise in white muscle (Figure 4a). During periods of intense stress, it may be beneficial to 

downregulate the level of unessential transcripts, such as housekeeping genes, from being 

available for translation by inhibiting them with miRNA or degrading them to ensure that 

energy is available to meet the critical demand of other more important systems. The 

regulation of BACT mRNA occurs quickly, with significant decreases in mRNA occurring within 1 

h, so it is not an upregulation of proteins that act to control transcript level, rather elements 

already available that are activated. Additionally, it is far easier to do work in the cytoplasm, 

rather than the nucleus. This may explain why transcription of BACT pre-mRNA is still observed 

to increase, but mRNA levels are then observed to decline in periods of recovery.  

 The data included for white muscle reports mRNA levels at control and at 95% of Ucrit 

after 3 h of exercise (Figure 5). While it is difficult to conclude on the spectrum of change across 

various exercise intensities with only one treatment, the 1.9-fold change in CS mRNA was only 

barely significant compared to resting levels (p=0.047) at 95% Ucrit. This suggests that while 

there is a notable increase in CS mRNA expression in white muscle, the trend to increase with 

intensity may not be severe. 
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4.4 The changes in mRNA are mostly seen in recovery 

 The metabolic and physiological changes that occur in fish during exhaustive exercise 

are numerous, so it makes sense that available energy is partitioned into systems that need it 

the most during exercise, whereas, other less important processes can wait until recovery. The 

energetic costs associated with swimming in fish have found that exhaustive exercise is 

expensive and metabolic recovery takes hours. Exhaustive exercise in rainbow trout reduces 

glycogen, the major energy source in white muscle by 90% (Dobson and Hochachka, 1987), 

along with a sharp increase in blood lactate level, accumulation of pyruvate in the muscle and a 

decline in ATP (Milligan and Wood, 1987). As a result, it is not surprising that there is evidence 

that fish actively prioritize fuelling critical systems to maintain swimming effort by sacrificing 

energy in alternative systems, and this prioritization affects the transcription of mRNA. Palstra 

et al., (2010) provides an example of such a trade-off, where they found that oocyte 

development is repressed at the transcriptional level in swimming rainbow trout. It was argued 

that this energy savings spared muscle function to prevent atrophy during a migration. Taken 

together, it is clear that exhaustive exercise is energetically intense, that it can take hours 

before the fish fully recovers and that fish do actively partition energy when in demand into 

systems that need it the most.   

In this study, I measured the transcriptional activity of several bioenergetics genes 

immediately following short bouts of exercise and after period of recovery to understand when 

fish can afford to remodel gene expression in the muscle. I found that, save for HXK, 

transcriptional activity in red and white muscle mostly increases in recovery, and not during 

exercise. In red muscle, the transcription of bioenergetics genes COX4-1 and CS increases in 
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recovery at 95% Ucrit, but returned to rest post-exercise, indicating that they do not increase 

significantly during exercise (Figure 1b,c). The transcription of the housekeeping gene BACT also 

significantly increases both in recovery and post-exercise at 95% Ucrit, but mRNA levels remain 

low and appear to trend slightly downward (Figure 1a). HXK is a fundamental protein for 

committing hexose sugars to metabolism, either anaerobically or aerobically, and therefore, it 

is not surprising that expression increases significantly during periods of high anaerobic 

metabolism such as exercise at 80-95% Ucrit (Figure 1d). Interestingly, the change in mRNA in 

recovery relative to post-exercise levels either increased (CS, COX4-1, HXK) or decreased 

(BACT), but only at 80% Ucrit (Figure 3). This suggests that there may be an optimal exercise 

intensity that is enough to rapidly influence expression of the genes, but is not too intense to 

make transcription unaffordable in recovery. In this study, I performed two tests on white 

muscle where one test subjected fish to 3 hours of continuous exercise (Figure 5) and the other 

exhausted fish by hand in 5-10 minutes (Figure 4).  After exercise to exhaustion, there were no 

significant changes in mRNA levels for BACT, COX4-1 or CS relative to the control after 1 or 3 

hours of recovery (Figure 4). However, there was a significant increase in transcription of HXK 

after an hour of recovery and continued to rise after 3 hours of recovery where mRNA levels 

also increased significantly (Figure 4c). The 5-8 minutes of exercise until exhaustion was 

sufficient to see significant changes in HXK transcription and mRNA in white muscle, but was 

not sufficient to see the same changes for any other tested genes. If fish sustain high intensity 

(95% Ucrit) exercise for 3 hours, BACT mRNA levels drop significantly after an hour of recovery 

(Figure 5a), which appears to follow a similar pattern in exhaustive exercise where BACT mRNA 

appears to trend downward (Figure 4a). COX4-1 levels remain unaltered, even after recovery 
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(Figure 5b), but CS mRNA increases significantly in recovery (Figure 5c), whereas HXK mRNA 

peaks post-exercise and then declines in recovery (Figure 5d). Taken together, the expression of 

the measured bioenergetics genes, except for HXK, occurs in recovery for red and white muscle. 

The expression of HXK either occurs quicker or is not regulated during exercise as the other 

tested genes appear to be.   

4.5  Limitations 

The fish used in this study were purchased without prior knowledge of existing life 

history or genetic abnormalities that are not apparent even after weeks of quarantine. Many 

exercise studies on fish require long periods (several weeks) of endurance swim training, which 

is likely to weed out weak or unfit fish. The nature of my study relies on exercising fish, naïve to 

any swim training, for a relatively small window of several hours. This makes it possible that 

some fish can finish an exercise regime of several hours despite being ill suited for the stress. 

Every effort was taken to ensure a minimal time lapse between retrieving tissue from the fish, 

but the nature of the tests demanded extremely rapid tissue collection from almost a dozen 

fish simultaneously. Colleagues were more than happy to help collect tissue, but there was an 

unavoidable amount of time (8-15 minutes) between the first fish dissected and the last. 

Large deviations in some of the data could be explained by inter-individual variation. 

The spectrum of what a population of goldfish can do, will vary considerably more in a shorter 

period of time before there is a mean of time averaged changes established. Additionally, by 

utilizing an enclosed tube for swimming the fish, I was unable to move fish off the grate to 

encourage swimming for the entire duration. Although fish that remained on the grate too long 
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(~5mins) were not used in the study, this reduced sample size. I would consider utilizing a much 

larger swim flume where fish that fail can be immediately withdrawn. In a large flume, big 

groups of fish could be exercised without fear of solid blocking, and the larger group of fish 

would ensure a sufficient number of individuals completed the exercise every run. In addition, 

fish can be introduced to a flume at staggered time intervals, ensuring tissue collection occurs 

in a staggered pattern after exercise or the recovery period ends. 

4.6 Future directions 

The aim of this study was focussed on assessing the transcriptional activity of 

bioenergetics genes in goldfish as a result of exercise intensity and a period of recovery. There 

is evidence that the transcriptional activity of the measured genes was influenced by the 

intensity of exercise, a recovery period and muscle fibre-type. There are several things that can 

be done to build on this material.  

Profiling the mRNA expression of a large pool of genes will give a clearer idea of how the 

rapid transcription of bioenergetics genes is influenced in the first several hours of swimming. 

The use of high throughput screening with a DNA microarray and probes to detect pre-mRNA 

and mRNA of many genes at once would be extremely useful in determining which muscle 

fibre-types are most active, which bioenergetic genes and transcription factors are rapidly 

transcribed and to which molecular pathways they belong. It would also allow genes involved in 

systems that may be downregulated (such as reproduction) to be included as well in an effort 

to explore how fish partition energy to afford swimming. This would provide a good indication 

of which genes are actively transcribed and provide a clearer indication of what is important to 
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a cell within this timeframe. It may be more useful to attempt microarray studies on adult 

zebrafish, as the zebrafish sequence is published online allowing more flexibility with the 

number of transcripts tested. Zebrafish are considered able swimmers and their size would be 

adequate for large scale exercises in a swim flume. Goldfish are a resilient species, are able 

swimmers and lend themselves well to the acute stress involved with intense exercise, but 

there are other fish considered better sprint swimmers. The tests I performed were on goldfish 

naïve to exercise. It would be interesting to see how fish that are trained on a daily basis would 

respond. Trained fish may show different patterns in short term gene expression, so it would be 

worthwhile to study fish that have undergone a training regime. The same analysis can be also 

applied to cold-acclimated fish in an effort to explore how temperature influences 

transcriptional activity over time, as the response to temperature and exercise in fish is similar. 

Temperature can also be tightly controlled experimentally if a range of different temperatures 

were used in the spectrum of analysis. Larger deviations seen in my data could be explained by 

inter-individual variation. Testing groups of fish over the course of a training routine may 

provide a clearer idea for how long it takes for time averaged means to reach a steady-state in a 

random group of fish.  
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Appendix 

 

Sequenced Goldfish Genes 

The goldfish sequences that were determined in this study are below; see (2.7.1) for the 

methodology used to retrieve them. The yellow highlighted sections are primer locations that 

were selected to amplify the gene in a real-time PCR. Table 2 shows details on the primers 

used. Published zebrafish sequences were used as a starting point to optimize primers for 

goldfish. Homology in the sequence was compared between zebrafish, tilapia and the goldfish 

sequence acquired.  

GF TUB Sequence 

GCTCTCCCATATGGTCGACCTGCAGGCGGCCGCGAATTCACTAGTGATTAATAACTGGGCCAAAGGTCA

CTATACTGAGGGCGCAGAACTCGTGGAGCAGGTTGTGGATCGTGCTCGTAATGAAGCCGAGGGCTGTG

ACTGCATGCAGGGCTTCCAGTTCGTCCACTCTCTGGGCGGTGGCACTGGTTCGGGAATGGGCACCCTGA

TTATCAATAAGATCCGAGAAGAGTATCCTGACCGCATCATGAAATCGAATTCCCGCGGCCGCCATGGCG

GCCGGGAGCATGCGACGTCGGGCCCAATTCGCCCTATAGTGAGTCGTATTACAATTCACTGGCCGTCGT

TTTACAACGTCGTGACTGGGAAAACCCTGGCGTTACCCAACTTAATCGCCTTGCAGCACATCCCCCTTTC

GCCAGCTGGCGTAATAGCGAAGAGGCCCGCACCGATCGCCCTTCCCAACAGTTGCGCAGCCTGAATGGC

GAATGGACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCGCT

ACACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCACGTTCGCCGGCTTT

CCCCGTCAAGCTCTAAATCGGGGGCTCCCTTTAGGGTTCCGATTTAGTGCTTTACGGCACCTCGACCCCA

AAAAACTTGATTAGGGTGATGGTTCACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGAC



84 
 

GTTGGAGTCCACGTTCTTTAATAGTGGACTCTTGTTCCAAACTGGAACAACACTCAACCCTATCTCGGTCT

ATTCTTTTGATTTATAANGGATTTTGCCGATTTCNGCCTATTGGNTAAAAAATGAGCTGANTTAACAAAA

ATTTAACGCGAATTTTAACAAAATATTAACGCTTA 

GF HXK Sequence 

GGAGCTCTCCCATATGGTCGNNCTGCAGGCGGCCGCGAATTCACTAGTGATTAAAGTGGACAAAGGGC

TTCAAGGCCTCGGGGTGCGAGGGAGAAGATGTGGCCACGCTGCTGAAAGACGCCATCCATCGCAGTGA

GGTCAGCACCGCAGCACACTCGAGCGCTGACGGAGCAGTTCATGCACTTGTTACTGCAGATGCAAACAC

TCGTCTTTAACGGCTCGATGCAGCTCGTGGATGTCCCGTCAGATCTGCGCCTCTCTGATAATGCATCTTTC

CTCGCAGGAGTTTGATCTGGATGTGGTCGCTGTGGTGAATGACACCGTGGGCACCATGATGACCTGTGG

GTACGAGGAATCGAATTCCCGCGGCCGCCATGGCGGCCGGGACATGCGACGTCGGGCCCAATTCGCCC

TATAGTGAGTCGTATTACAATTCACTGGCCGTCGTTTTACAACGTCGTGACTGGGAAAACCCTGGCGTTA

CCCAACTTAATCGCCTTGCAGCACATCCCCCTTTCGCCAGCTGGCGTAATAGCGAAGAGGCCCGCACCGA

TCGCCCTTCCCAACAGTTGCGCAGCCTGAATGGCGAATGGACGCGCCCTGTAGCGGCGCATTAAGCGCG

GCGGGTGTGGTGGTTACGCGCAGCGTGACCGCTACACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCT

TTCTTCCCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCCCGTCAAGCTCTAAATCGGGGGCTCCCTTTAGG

GTTCCGATTTAGTGCTTTACGGCACCTCGACCCCAAAAAACTTGATTAGGGTGATGGTTCACGTANTGG

GCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGACGTTGGANTCCACGTTCTTTAATAGTGGNNTCTTG

NTNCAAACTGG 

GF CS Sequence  

GCTCCGGCCGCCNTGGCGGCCGCGGGAATTCGATTTGCCCACTGAGGAGCAGGTGAGTGCCTAGAAGT

TTGAGAATGTGCTCTGATGCAGGTGTCCTAATAACCTAGCATTTAAGTGCTTTGAAAAATTTGAACAGTG



85 
 

GTGCTTGTGGAAAAAAGTGGGTTTGAATCCAGCGTGCAACCTGGATTTTCTGATTCAATTTCCCTTATTTT

TCCAGTTTTTTGCTAAAGTTACAAAAGGGCAGAAATAAAAATGCTTTCATATTTGCCCGTTTTAAAACCAT

GTGTATATATATCGCACTTCCTCTCATATAAGTGAAACAATGTAAATTCTAGTATTCTTGATCTTTTTTTAC

CAGCTTATGTGATTTGCAAGATTGTCATCTGTTTATATCTGTGACTCGTTATAGGCATATATTGATTGCTC

TGATATTGACTGTTACTTTGTCTTGTTGGGATGTTAATCAAATCGTGGCCCTGAACAGGCAACCATAAAT

AATCTCTTTTCAAATATTTGTTGAATAAAACGAAAACTTTTAAGTAATTGAGGCTGTCTCAGTTGCTGTAT

TCATAGTTACATGCCACAAAAATATTTTGCCTTTTATTTAACTCTTTGTCGGCTGTTTTCTCAGGTGAATTG

GTTGTCTAAGGAGTGGGCTAAGCGAGCGGCCCTTCCCTCTCATGTGGTCACCATGCTGGACAACTTCCCC

ACCAATCTGCACCCCATGTCTCAGTTCAGCGCCGCCGTCACCGCTCTGAACAGCGAGAGCAGTTTCGCCC

GGGCGTACTCTGAGGGAGTTAACAAGGCCAAGTACTGGGAAATCACTAGTGAATTCGCGGCCGCCTGC

NNNCGACCATATGGGAGAGCTCCCAACGCGTTGGANGCATAGCTTGAGTATTCTATAGTGTCANCTAAA

TAGCTTGGNNTAATCATGGTCATAGCTGTTTNCTGTGTGAAA 


