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Abstract 

Acclimation to temperature changes in fish has been shown to prompt a cardiac remodeling 

response, with collagen protein playing a key role, although the mechanism of this response remains 

unclear. Currently, it is believed to be a seasonal adaptation to shifting temperatures, with studies 

indicating that microRNA-29b (miR-29b), an epigenetic non-coding RNA, targets collagen mRNA in 

the heart. To further explore these questions, this thesis characterizes the remodeling response in a 

wild population of rainbow darters (Etheostoma caeruleum) to examine seasonal effects in a natural 

environment, which moves beyond the current lab-only studies. Rainbow darter heart tissue was 

collected on-site at three season timepoints (Spring, Summer, Fall 2023) from the Grand River, Grand 

Valley, ON. Water temperature loggers were deployed to monitor the fluctuating river temperatures 

throughout the study. Gene expression of miR-29b, and the three collagen type I protein transcripts 

(col1a1, col1a2, & col1a3) was measured in heart tissue through RT-qPCR. Hearts were embedded 

for histological analysis to visualize heart morphology and quantify the collagen protein content 

through picro-sirius red staining. Additionally, western blot analysis was performed to measure 

collagen type I abundance for each season. Temperature loggers revealed substantial daily water 

temperature fluctuations, with differing fluctuation profiles dependent on season. Results from RT-

qPCR revealed seasonal differences in expression of col1a1, and col1a2, and western blot revealed a 

season effect driving a trend in collagen type I protein differences, suggesting the presence of this 

remodeling response in a non-model species. Although only a sex-specific difference was found in 

miR-29b expression and no significant regression was found between miR-29b and any of the 

collagen type I mRNA, further investigation into its role in this remodeling in vivo will be required. 

The lack of a compact myocardium layer was determined from cardiac tissue sections, which 

previously had not been investigated in the rainbow darter and evidence of cardiac hypertrophy at 
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acclimatization to colder temperatures was demonstrated by higher relative heart mass compared to 

body mass in spring and fall, compared to summer. Understanding the impacts of temperature 

fluctuations and extreme weather events on local fish populations is increasingly crucial. With limited 

studies of cardiac collagen remodeling in natural environments, it is important that there be continued 

focus on bringing elements of natural seasonality into the context of lab studies to further investigate 

this remodeling response as seasonal plasticity and flexibility. This thesis contributes to a more 

comprehensive understanding of seasonal effects in a natural environment. 
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Chapter 1 

1.1 Introduction 

1.1.1 Temperature 

Predicted temperature increases of ~5°C across the globe will increase surface water 

temperatures and increase daily and seasonal temperature fluctuations (IPCC, 2021; Poesch et al., 

2016). As ectotherms, fish species are vulnerable to environmental temperature changes, as they are 

unable to produce sufficient heat internally to self-regulate body temperature and, therefore, often 

must conform to the temperature of their surrounding environment if they cannot seek refuge 

elsewhere (Fry, 1947; Johnston & Gillis, 2022; Schulte et al., 2011). Due to the close relationship 

between temperature and biochemical processes, significant cooling or warming will decrease or 

increase, respectively, biochemical reaction speeds, and the physiological impacts of these reaction 

speed changes are important areas of study (Hochachka & Somero, 1984). As a critical organ, the 

heart has been the focus of many studies to determine the impacts of climate change on fish 

physiology and their current abilities to overcome temperature challenges through plastic and flexible 

cardiac responses (Graham & Farrell, 1989; Johnson et al., 2014; Keen et al., 2016; Klaiman et al., 

2011, 2014), (see (Keen et al., 2017) for a review). The heart has also been investigated as the first 

level of limitation for tolerance to temperature changes (Pörtner et al., 2004). 

1.1.2 The Heart 

 Current research into climate change impacts on fish is focusing on the role of the heart in 

thermal adaptation and plasticity. As it has been found to be both a critical and limiting organ for 

thermal tolerance, understanding the mechanisms and limitations of this organ is essential to 

determining the effects of the changing climate on fishes. Additionally, understanding how heart 

plasticity overcomes acute and chronic temperature challenges will provide insight into the risks 
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posed by the predicted increase in thermal fluctuations. The heart’s role to supply oxygen and 

nutrients to the body and remove carbon dioxide and waste products from cells through the 

circulatory system is a key reason why it acts as a limiting factor (Keen et al., 2017). Temperature has 

profound effects on the heart function of fish due to them being ectotherms, with temperature being 

considered the main abiotic factor that impacts the physiology of teleost fish (Johnston & Gillis, 

2022; Jørgensen et al., 2014). The heart plays a vital role in fish physiological thermal plasticity and 

acclimation as it is responsible for blood circulation to the tissues of the body that will experience 

changing oxygen demands as temperatures change (Farrell et al., 2009; Jørgensen et al., 2014). Some 

fish have been shown to use different physiological strategies to overcome the effects of temperature 

on their bodies and preserve their normal activity levels (Anttila et al., 2014; Cortemeglia & 

Beitinger, 2005; Elliott & Elliott, 2010; Klaiman et al., 2011; Rodnick et al., 2004; Sundin et al., 

2019). Among these fish are rainbow trout (Oncorhynchus mykiss), zebrafish (Danio rerio), and 

Atlantic salmon (Salmo salar), common model organisms for cardiac research (Anttila et al., 2014; 

Cortemeglia & Beitinger, 2005; Johnston & Gillis, 2022; Klaiman et al., 2011). 

Some strategies used by these fish to preserve heart function during cold acclimation include 

lengthening diastolic time (heart filling time) to increase stroke volume (Shiels et al., 2002; Vornanen 

et al., 2005), increasing calcium (Ca2+) sensitivity in the myofilament contraction machinery 

(Klaiman et al., 2014), and increasing overall heart size through hypertrophy (Graham & Farrell, 

1989; Klaiman et al., 2011). Cardiac hypertrophy has been widely demonstrated in response to cold 

acclimation (Farrell, 1987; Farrell et al., 1988; Goolish, 1987; Graham & Farrell, 1989) and it is 

thought to help compensate for increased blood viscosity at colder temperatures, which causes more 

stress on the heart (Graham & Farrell, 1989). The fish myocardium can be divided into two main 

layers: the compact myocardium (outer layer) and the spongy myocardium (internal layer), both of 
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which respond differently during cold acclimation cardiac hypertrophy (Keen et al., 2016; Klaiman et 

al., 2011; Pieperhoff et al., 2009). Klaiman et al. (2011) and Keen et al. (2016) found that the compact 

myocardium reduced in size relative to the spongy myocardium during cold temperature hypertrophy. 

The compact layer relies on direct coronary circulation with O2 rich blood from the gills (Farrell & 

Jones, 1992), whereas the spongy layer receives O2 from the venous blood that has entered the heart 

(Davie & Farrell, 1991). It has been proposed that the reduced size of the compact layer relative to 

spongy layer during hypertrophy may be due to less reliance on coronary circulation given the higher 

carrying capacity of O2 in water and reduced general metabolic activity at colder temperatures 

(Farrell & Clutterham, 2003). Additionally, it may allow for higher cardiac tissue compliance, which 

may be needed during simultaneous tissue remodeling through collagen deposition, which makes the 

tissue stiffer (Johnson et al., 2014; Klaiman et al., 2014). Further details on this remodeling will be 

discussed later. At warmer acclimations, it has been proposed that increased compact layer thickness 

could help with increased activity levels at those temperatures (Farrell et al., 1988) or to offset the 

negative effects of warm temperature on the pressure generating ability of the heart, as seen in trout 

above 15°C (Farrell et al., 1996; Klaiman et al., 2011). Interestingly, an estimated 2/3rds of fishes lack 

this compact myocardium layer (Santer, 1985), as it is often reserved for highly active, athletic fishes 

(Farrell, 1996). It is likely that fishes with a compact layer require the more reliable coronary 

circulation (Farrell et al., 2009). Recently, in a study investigating the pumpkinseed sunfish (Lepomis 

gibbosus), Procopio et al. (2024) proposed that the epicardium (outermost layer of the heart) may 

respond in a similar way to the compact layer during hypertrophy in fish without this compact layer. 

However, their findings revealed that despite cold acclimation hypertrophy, there were no significant 

changes in epicardium thickness (Procopio et al., 2024). 
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There are a few different thoughts as to why these fish compensate for temperature changes 

in these ways. The first is lower temperatures and slowed biochemical processes impact the 

generation of contractile force within the heart muscle, so the fish compensate by increasing 

contractile machinery to maintain the same contraction force as in their preferred temperature range 

(Graham & Farrell, 1989; Klaiman et al., 2011). The second is the effects of blood viscosity, as 

previously discussed. At colder temperatures, the fluid of the blood is more viscous, and therefore, 

more difficult for the heart to pump (Clark & Rodnick, 1999; Graham & Farrell, 1989; Klaiman et al., 

2011). There is evidence that erythrocytes pack more closely together at colder temperatures due to 

the temperature impacts on the phospholipid membranes of cells, which contributes to the increase in 

blood viscosity (Farrell, 1984; Graham et al., 1985; Keen et al., 2017). In addition to these strategies, 

significant cardiac tissue remodeling with the protein collagen has the ability to alter the contractile 

strength of the heart, and is currently being studied to determine its benefits for maintaining proper 

cardiac function (Johnson et al., 2014; Johnston & Gillis, 2022; Jørgensen et al., 2014; Keen et al., 

2016; Klaiman et al., 2011; Kong et al., 2014).  

1.1.3 Collagen 

 Collagen is an abundant fibrous protein found in the extracellular matrix (ECM) that provides 

structure to the tissue, regulates cell adhesion, supports cell communication and migration, and directs 

tissue development (Frantz et al., 2010). There are several collagen types throughout the body, but 

one of significant interest in the fish heart is collagen type I. Collagen type I is the most abundant 

collagen in vertebrate connective tissues, including the fish heart (Eghbali & Weber, 1990; Frantz et 

al., 2010). It is made from three subunit monomers: COL1a1, COL1a2, and COL1a3, in contrast to 

mammals which only have the COL1a1 and COL1a2 subunits (Pöschl et al., 1988; Saito et al., 2001). 

The COL1a3 subunit in fish has been found to be more similar to the mammalian COL1a1 subunit 
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than COL1a2 (Saito et al., 2001). During protein folding, these three subunits combine to make the 

full collagen type I protein in fish. (Saito et al., 2001). 

 Collagen deposition in the ECM is controlled by fibroblast cells. These cells make up about 

2/3rds of the total cells in the heart tissue of fish, but are only about 1/3rd the total tissue volume due to 

their small size compared to the contraction-producing myocytes (Chang et al., 2016). Through a 

series of protein pathways, collagen content is controlled by balancing the deposition and removal of 

the protein from the heart tissue (Fomovsky et al., 2010; Johnston & Gillis, 2022). It has been 

proposed by Johnston & Gillis (2022) that collagen deposition in the fish heart initiates by stress on 

the cardiac cells from temperature changes (Farrell, 1984; Graham et al., 1985; Keen et al., 2017), 

which leads to release of transforming growth factor-β1 (TGF-β1) (Katsumi et al., 2004; MacKenna 

et al., 1998) and activation of G-coupled protein pathways (Johnston & Gillis, 2020; Katsumi et al., 

2004). This results in a cascade of signals that influence the expression of proteins involved in 

collagen deposition, namely decreases in matrix metalloproteinases (MMPs; degrade collagen), 

increases in tissue inhibitors of metalloproteinases (TIMPs; inhibit MMPs), and increases in the 

collagen mRNA transcripts themselves (Johnston & Gillis, 2018; Kolosova et al., 2011; Pramod & 

Shivakumar, 2014; Reed et al., 1994; Sinfield et al., 2013; Visse & Nagase, 2003), which leads to an 

increase in collagen protein in the tissue (Johnston & Gillis, 2017). For an extensive look at the 

proposed mechanisms of temperature-induced collagen deposition in the fish heart, see Johnston & 

Gillis (2022). 

In the heart, collagen increases the stiffness of the cardiac muscle tissue, strengthening the 

propagation of contraction force (Collier et al., 2012), however, too much collagen causes fibrosis, 

which results in lower contractile strength and force conductivity (Gomes et al., 2013; Jalil et al., 

1989; Kong et al., 2014). Fibrosis in this way typically leads to hindered diastolic performance in the 
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heart, which is due to the inability of the heart to fully relax due to the tissue stiffness, and therefore, 

the heart will not be able to fill effectively before its next contraction (Breisch et al., 1984; Lorell & 

Carabello, 2000; Messerli et al., 2017). In mammals, fibrosis of the heart is caused by damage to the 

cardiac muscle, which then gets replaced by fibrous collagen tissue (Hinderer & Schenke-Layland, 

2019; Murtha et al., 2017). This process is considered to be permanent in mammals and is often a 

precursor to heart failure (Hinderer & Schenke-Layland, 2019; Wynn, 2007). However, fish have 

been shown to remove collagen from their heart tissue in response to temperature changes, most 

likely through an opposing response pathway to the one described in the previous paragraph, where 

upregulation of MMPs would degrade collagen in the tissue (Johnston & Gillis, 2022; Keen et al., 

2018). Currently, the col1a3 transcript is of most interest from the collagen type I protein, as it is fish-

specific and has been demonstrated to respond the most to temperature out of the three subunits 

(Keen et al., 2016). 

1.1.4 Heart-Collagen Temperature Remodeling Response 

 A key area of current research is determining how fish remodel their hearts by altering the 

collagen content to overcome the challenges posed by environmental temperature changes. Past 

studies have shown that temperature acclimation will induce collagen remodeling in the hearts of 

rainbow trout, zebrafish, and Atlantic salmon (Johnson et al., 2014; Jørgensen et al., 2014; Keen et 

al., 2016; Klaiman et al., 2011) (Fig. 1.1). In rainbow trout, it has been demonstrated that cold 

acclimation increases collagen type I protein in the heart and warm acclimation decreases collagen 

type I (Keen et al., 2016; Klaiman et al., 2011). Interestingly, studies on zebrafish and Atlantic 

salmon have found the opposite heart-collagen response to temperature, with cold acclimation 

decreasing collagen type I in zebrafish (Johnson et al., 2014; Shaftoe et al., 2023) and warm 

acclimation increasing collagen type I in Atlantic salmon (Jørgensen et al., 2014). These changes are 
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thought to be part of a plastic seasonal response to temperature changes impacting cardiac and body 

functions (Johnston & Gillis, 2022). To further support this hypothesis, it has recently been 

demonstrated in zebrafish that the cold acclimation response is reversible in the same cohort of fish 

(Shaftoe et al., 2023). These findings demonstrate that fishes are reacting differently to similar 

thermal stimuli, meaning there must be additional factors beyond the direction of a temperature 

change that drive the heart-collagen remodeling response. 

 

Figure 1.1 Heart collagen remodeling in rainbow trout, zebrafish, and Atlantic salmon. 

Heart-collagen responses induced by cold and warm acclimation in three major organisms studied: 

rainbow trout (Keen et al., 2016; Klaiman et al., 2011), zebrafish (Johnson et al., 2014; Shaftoe et al., 

2023), and Atlantic salmon (Jørgensen et al., 2014). Zebrafish cold acclimation response was 

demonstrated to be reversible (Shaftoe et al., 2023). 

  

Atlantic Salmon 

Collagen 

Collagen 

Collagen 

Collagen 

Rainbow Trout Zebrafish 

(Reversible) 

(Klaiman et al., 2011; 

Keen et al., 2016) 

(Johnson et al., 2014; 

Shaftoe et al., 2023) 

) 

(Jørgensen et al., 2014) 
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The reason for these opposing responses is not yet fully understood, although there are a few 

hypotheses at present. One suggests that the response could be highly species-specific (Keen et al., 

2016). It is possible that many life history traits could impact the needs of a species when responding 

to temperature changes. For example, rainbow trout are much larger and live in more temperate 

environments compared to the much smaller tropical zebrafish (Klaiman et al., 2011; López-Olmeda 

& Sánchez-Vázquez, 2011). However, the Atlantic salmon shares a similar size and temperate 

environment to rainbow trout, yet they have opposing responses (Jørgensen et al., 2014). Zebrafish 

and Atlantic salmon also have significant size differences and live in different climates, yet they share 

similar heart-collagen responses. Therefore, it’s possible other species-specific factors are driving 

these responses. 

 Another suggestion related to size are differences in blood pressure between species (Keen et 

al., 2017). Zebrafish, being much smaller fish than rainbow trout, have peak ventricular pressures of 3 

mmHg, while trout of about 750g have a blood pressure around 50 mmHg (Clark & Rodnick, 1999; 

Hu et al., 2001; Keen et al., 2017). The hypothesis is that the lower pressure in zebrafish results in 

less pressure overall to fill the ventricle during ventricle filling, meaning that increasing collagen 

content in the heart (which increases heart stiffness) could make it more difficult for the zebrafish to 

fill their hearts at cold temperatures (Keen et al., 2017). However, this comparison still does not 

account for the opposing responses seen between rainbow trout and Atlantic salmon. 

 To complicate matters further, studies on rainbow trout have shown that there is a sex-

specific response in heart-collagen remodeling. The responses discussed earlier have been seen in 

male trout, but no significant results were found for females exposed to the same treatment (Klaiman 

et al., 2011). This has led to studies in zebrafish that focus predominantly on males given that they 
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appear to be the sex that responds to these temperature differences (Johnson et al., 2014). This means 

that sex is an important trait to account for when examining this response in other species. 

 At the genetic level, it has been demonstrated that the expression of the three collagen type I 

subunit mRNA transcripts respond differently to these temperature treatments. In rainbow trout, it 

was determined that the col1a3 subunit mRNA showed the greatest response to temperature, 

increasing expression at cold acclimation and decreasing expression at warm acclimation (Keen et al., 

2016, 2018). Both rainbow trout col1a1 and col1a2 mRNA expression decreased with cold and warm 

acclimation, indicating that other mechanisms are likely involved (Keen et al., 2016, 2018). Given 

that the col1a3 subunit is fish-specific, it is possible that the presence of this subunit and its 

interactions with temperature are reasons why fish are able to remodel their hearts in this way and 

mammals cannot. 

 One element that is consistent across these studies is that they were all performed in a 

controlled laboratory setting. To imitate seasonal temperature differences, static temperatures were 

used for the duration of the multi-week trials to represent the average temperatures of warmer or 

colder seasons, with photoperiod often being adjusted as well to further mimic a seasonal change 

(Johnson et al., 2014; Jørgensen et al., 2014; Keen et al., 2016; Klaiman et al., 2011; Shaftoe et al., 

2023). While these conditions are beneficial to limit confounding factors that could influence results, 

there are few studies examining how this proposed seasonal plastic response works in a natural 

population. One of the only studies that has currently investigated this examined the pumpkinseed 

sunfish in two different populations: one in Canada that was subject to high seasonality and one in 

Spain that was subject to low seasonality (Procopio et al., 2024). Their results demonstrated an 

increase in heart tissue collagen during warmer seasons and lower collagen in cooler seasons in both 

populations (Procopio et al., 2024). In a broad sense, this would make their collagen response 
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comparable to that of the zebrafish and Atlantic salmon, where colder temperatures decrease heart 

collagen, and warmer temperatures increase collagen. This study also observed the absence of a 

compact myocardium layer in the pumpkinseed sunfish (Procopio et al., 2024). Therefore, rather than 

measuring the compact myocardium layer thickness, they measured epicardium thickness. However, 

they observed no changes in epicardium thickness across their season groups despite observing 

cardiac hypertrophy at cold acclimatization (Procopio et al., 2024). Combining all of these species 

observations together, it is evident that there is a wide range of collagen responses to temperature and 

season, and significant further investigation is required to determine why these differences exist (Fig. 

1.2). 

 While these heart-collagen remodeling temperature responses have been characterized, there 

is still limited information on how these responses are regulated. It is also unknown how fast these 

responses occur, how fish respond under less consistent temperature changes, and how reversible 

these effects are, although evidence of reversibility has now been demonstrated in the zebrafish (Keen 

et al., 2016, 2017; Shaftoe et al., 2023). One proposed mechanism of regulation is microRNA 

(miRNA), a small non-coding RNA that can inhibit mRNA expression (Bartel, 2004; Johnston & 

Gillis, 2022). In addition, it is thought that this heart response could be seasonal, yet examinations on 

how fish hearts respond to seasonal temperature changes has not been explored extensively (Keen et 

al., 2016). 
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Figure 1.2 Lab vs. Field: Heart collagen remodeling in rainbow trout, zebrafish, Atlantic 

salmon, and pumpkinseed sunfish. 

Heart-collagen responses induced by cold and warm acclimation in three major organisms studied 

(rainbow trout (Keen et al., 2016; Klaiman et al., 2011), zebrafish (Johnson et al., 2014; Shaftoe et al., 

2023), and Atlantic salmon (Jørgensen et al., 2014)) and a field study on the pumpkinseed sunfish 

(Procopio et al., 2024). Zebrafish cold acclimation response was demonstrated to be reversible 

(Shaftoe et al., 2023). Some sex-specific responses were observed in rainbow trout and zebrafish.  

Lab 

Atlantic Salmon 

Collagen 

Collagen 

Collagen 

Collagen 

Rainbow Trout Zebrafish 

(Reversible) 

Field Pumpkinseed Sunfish 

Collagen 

Collagen 

Fall/Winter 

Summer 

(Klaiman et al., 2011; 

Keen et al., 2016) 

(Johnson et al., 2014; 

Shaftoe et al., 2023) 

) 

(Jørgensen et al., 2014) 

) 

(Procopio et al., 2024) 
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1.1.5 MicroRNA 

 MicroRNAs (miRNAs) are an emerging focus for understanding regulatory pathways of 

protein expression. MicroRNAs are small, non-coding RNAs that block protein production from 

mRNA by either targeting mRNA for degradation or blocking ribosome binding (Bartel, 2004; 

Griffiths-Jones et al., 2006). In mammals, it has been determined that miRNA-29 is involved in 

regulating collagen deposition and removal (Abonnenc et al., 2013; van Rooij et al., 2008). Johnston 

et al., 2019 investigated the role of miRNA-29 in fish cardiac fibroblast cells, looking particularly at 

miRNA-29b because it is a highly conserved sequence across vertebrate species, with the nucleotide 

sequence being 100% identical in both rainbow trout and zebrafish compared to humans (Johnston et 

al., 2019). Additionally, the seed sequence, the region where there are perfect complementary 

nucleotide pairs between a microRNA and its target mRNA (Eichhorn et al., 2014), was determined 

to be conserved across many vertebrates at lengths of 7 or 8 nucleotides, depending on the collagen 

transcript (Johnston et al., 2019). A key target of miRNA-29b in mammals is the mammalian col1a1 

mRNA transcript (Kriegel et al., 2012). Since the COL1a1 isoform in mammals is most similar to the 

fish-specific COL1a3 isoform, this indicates that miRNA-29b may target the col1a3 transcript in 

addition to col1a1 in fish (Johnston et al., 2019; Saito et al., 2001). By overexpressing miRNA-29b in 

rainbow trout cardiac fibroblast cell culture, Johnston et al., 2019 observed a 54% decrease in col1a3 

expression and 84% decrease in collagen type I protein (Johnston et al., 2019). While col1a1 and 

col1a3 are both targets of miRNA-29b in trout, bioinformatic analysis showed that this miRNA likely 

had a higher affinity to binding to col1a3 as opposed to col1a1 (Johnston et al., 2019). Therefore, it 

was proposed that the significant decrease in expression of col1a3, and no significant change in either 

col1a1 or col1a2, indicates that the decrease in collagen type 1 observed was due to the limited 

amount of the COL1a3 peptide present, preventing a significant amount of intact collagen type I triple 

helix from forming (Johnston et al., 2019). 
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 Beyond cell culture, studies have yet to demonstrate the expression and effect of miRNA-29b 

in vivo (Johnston & Gillis, 2022). The physiological environment within a live organism introduces 

additional interactions that can shape the performance of protein expression pathways, and the 

concentration of miRNA-29b used in cell culture by Johnston et al., 2019 is not necessarily applicable 

in vivo, depending on how high the miRNA concentrations reach in the live organism (Johnston et al., 

2019). Given that there is clear evidence of miRNA-29b’s involvement in the fish heart-collagen 

remodeling response in cell culture, future directions in exploring in vivo microRNA expression and 

its link to collagen content are warranted (Johnston & Gillis, 2022). 

1.1.6 Research Organism 

 This study investigates the rainbow darter (Etheostoma caeruleum), a small benthic perch 

species (Fig. 1.3) native to the Grand River, Ontario (Grand River Conservation Authority, 2022; 

Paine, 1990). Current literature is lacking for the heart-collagen remodeling response in natural 

seasonal environments, aside from the pumpkinseed sunfish (Procopio et al., 2024). The rainbow 

darter and the Grand River have been prime candidates to study local effects of climate change and 

anthropogenic influences on the fish native to the region (Gauvreau et al., 2022; Robichaud & Craig, 

2022; Tetreault et al., 2014). Additionally, there is currently no research on the function and structure 

of the rainbow darter heart, as it is currently unknown whether this fish has the ability to alter 

collagen content like the previous species investigated, or whether its heart tissue has a compact 

myocardium layer. Given the less motile nature of this species, it would be expected that there would 

be no compact myocardium layer present since it is mostly only present in athletic species (Farrell, 

1996). 
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Figure 1.3 The rainbow darter. 

Rainbow darter (male), distinguished by its blue banding and orange colouration. The rainbow darter 

is a benthic perch native to many watersheds in North America, including the Grand River, ON 

(Grand River Conservation Authority, 2022). Photo by Konrad P. Schmidt, The Native Fish 

Conservancy. 
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1.1.7 Research Objectives 

The objective of this thesis was to characterize the collagen type I content and miR-29b 

expression in the heart of wild rainbow darters to better understand how this heart-collagen 

remodeling response functions in a natural environment that experiences true seasonal dynamics. The 

main objectives can be divided as follows: 

1. To better characterize the heart-collagen remodeling response in a natural seasonal 

environment and the temperature conditions those fish experience. 

2. To determine how miR-29b responds in vivo to seasonal changes and to characterize its 

interactions with the collagen type I mRNA transcripts. 

3. To determine if the rainbow darter undergoes heart tissue remodeling at the protein level in 

response to seasonal changes. 

1.1.8 Hypothesis 

It was hypothesized that that the rainbow darter would undergo seasonal heart remodeling, 

which could be observed through changes in col1a1, col1a2, and col1a3 expression as well as overall 

collagen type I protein. It was also hypothesized that miR-29b would be involved in this response by 

targeting collagen type I mRNA transcripts during seasons with lower heart tissue collagen. 
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Chapter 2 

Methods & Results 

2.1 Methods 

2.1.1 Fish Collection 

Rainbow Darter fish were collected from the Grand River at an access point near the 

township of Grand Valley, ON (43°56'32.6"N 80°19'32.8"W) at three season timepoints: Spring (May 

29, 2023), Summer (August 22, 2023), and Fall (October 31, 2023). Using backpack electrofishing, 

fish were captured from the river and dissected on-site. Length and weight measurements were taken, 

and heart and gonad tissue were removed. Hearts and gonads were weighed for heart somatic index 

(HrSI) and gonad somatic index (GSI) measurements, respectively, and heart tissue was either stored 

on dry ice for gene expression/protein analysis or placed in a 2% formalin solution and kept on ice for 

histological analysis. Heart tissue on dry ice was later transferred into -80°C storage and 2% 

formalin-submerged heart tissue was transferred to 4°C (See Fig. 2.1 & Fig. 2.2 for overview). 
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Figure 2.1 Rainbow darter sampling methods. 

Overview of rainbow darter heart sampling at three season time points (2023): spring (May 29), 

summer (Aug 22), and fall (Oct 31). Males and females were collected in equal numbers in each 

season. River temperature was collected at two weeks around sampling time. Hearts were collected 

for either molecular analysis (RT-pPCR) or protein analysis (Histology/Western Blot). 
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Figure 2.2 Grand River field sampling site. 

Sampling site for wild rainbow darters: Grand River at Grand Valley, ON township (43°56'32.6"N 

80°19'32.8"W). Left image shows a stylized map of the Grand River watershed in Southern Ontario; 

green star indicates the sampling site at the township of Grand Valley, ON. Right image shows a 

satellite view of the sampling site (Google Maps, 2024).  
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2.1.2 River Temperature 

 River temperature data was collected using iButton temperature loggers (iButtonLink 

Technology). iButtons were waterproofed using Plasti Dip, which has been demonstrated to be an 

effective waterproofing agent that does not significantly hinder the temperature reading ability of the 

devices (Roznik & Alford, 2012). Cinder blocks with two iButtons attached to each were deployed in 

three separate locations at the collection site. iButtons were classified as “Lower” when attached near 

the bottom of the blocks (~3cm from the riverbed) or as “Upper” when attached near the top of the 

blocks (~20cm from the riverbed). One block was placed under a nearby bridge which had high shade 

cover, one was placed upstream of this bridge, and the last placed downstream of the bridge to 

observe differences in river temperature profiles between the locations (see Fig. 2.3). 

Devices were deployed for approximately 2 weeks, at a sampling rate of once every 10 

minutes, around the time of sampling for each season: Spring (May 26 – June 8, 2023), Summer 

(August 8-22, 2023), and Fall (October 20-31, 2023). An additional set of iButtons were deployed 

from (August 8 – October 20, 2023) to capture the late summer to early fall window at a sampling 

rate of once every 2 hours. Once collected, the devices were removed from their protective coating 

and data was retrieved using the OneWireView iButton software. Air temperatures from the 

Kitchener-Waterloo, ON Environment Canada monitoring site were used to match air temperatures to 

collected river water temperatures (Station Results - Kitchener/Waterloo - Historical Data - Climate - 

Environment and Climate Change Canada, 2023). 
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Figure 2.3 iButton river setup. 

Diagram of iButton setup on cinder blocks. Two iButton were attached to each of three cinder blocks, 

one iButton 3cm from the riverbed and one 20cm from the riverbed. The cinder blocks were placed in 

three locations at the field site, one under the bridge (middle star), one upstream of the bridge (right 

star), and one downstream of the bridge (left star). 

  

20 cm 

3 cm 
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2.1.3 RT-qPCR 

 Frozen (-80°C) heart tissue with the bulbous arteriosus removed was homogenized with an 

OMNI Tissue Homogenizer TH (OMNI International, Kenneaw, USA) for 30 seconds in QIAzol® 

Lysis Reagent and purified for total RNA according to the Qiagen miRNeasy Mini Kit protocol, 

without deviations, which allows for the purification of very small RNAs, such as miRNA, in 

addition to mRNA. A volume of 18µL of nuclease-free water was used in the final elution step. 

Overall RNA concentration was then quantified with QubitTM microRNA Broad Range Assay Kits 

(Invitrogen, by ThermoFisher Scientific). Using the known concentration of RNA, 900ng of RNA 

was used for cDNA synthesis for each sample using the miRNA 1st-Strand cDNA Synthesis Kit 

protocol (Agilent Technologies) with no deviations. 

 RT-qPCR was used to quantify the expression of miR-29b, and the three collagen type I 

subunits: col1a1, col1a2, col1a3. Primers for these subunit transcripts were designed with TaqMan 

probes (Integrated DNA Technologies) as their sequences are very similar, meaning the higher 

specificity of the probes was required to ensure accurate results (Table 2.1). TaqMan probes were 

designed using in-lab sequenced transcriptome of the rainbow darter (Pfeifer & Craig, unpublished) 

that was then BLASTed against the Arkansas darter (Etheostoma cragini) collagen type I transcripts 

that were already present in the NCBI online database. The miR-29b primer was based on zebrafish 

(Danio rerio), as it is a highly conserved sequence in vertebrates and was determined to have good 

efficiency when used with rainbow darter heart tissue (Johnston et al., 2019). Primers and probes 

were then reconstituted with nuclease-free water per the manufacturer instructions and stored at -

20°C. All sample qPCR data was reported as relative abundances, normalized to the reference 

housekeeping genes 5S rRNA, 16S rRNA, and 18S rRNA using the standard 2-ΔΔCt equation (Livak & 

Schmittgen, 2001). 
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 RT-qPCR reactions for 5S rRNA, 16S rRNA, 18S rRNA, and miR-29b were in 10µL wells 

(5µL Biorad SYBR Green Master Mix (Cat# 1725272), 0.8µL of 3.125µM forward primer, 0.8µL of 

3.125µM reverse primer, 2.4µL nuclease-free water, 1µL sample/standard). In a CFX96 Touch Real-

Time PCR Detection System (Biorad), reactions were initially exposed to 95°C for 30 sec for 

polymerase activation and DNA denaturation, then 40 cycles of 10 sec at 95°C for DNA denaturation, 

followed by 20 sec at 60°C (65°C for miR-29b) for annealing/extension. Afterwards, a melt curve 

analysis was performed to ensure that only the target transcripts were being amplified. For col1a1, 

col1a2, and col1a3, reactions were in 10µL wells (5µL PrimeTime, 0.8µL of 3.125µM forward 

primer, 0.8µL of 3.125µM probe, 0.8µL of 3.125µM reverse primer, 0.6µL nuclease-free water, 2µL 

samples/standard). Thermocycling protocol in the CFX96 Touch Real-Time PCR Detection System 

(Biorad) was an initial exposure at 95°C for 3 min for polymerase activation, then 40 cycles of 15 sec 

at 95°C for denaturation, followed by 1 min at 60°C for annealing/extension. Afterwards, a melt 

curve analysis was performed to ensure only the target transcripts were being amplified. 

 Standard curves were made for each target gene using a 4x, 16x, 64x, 256x dilution series 

(for 5S rRNA, 16S rRNA, 18S rRNA, and miR-29b) or a 4x, 8x, 16x, 32x, 64x, 128x, 265x dilution 

series (col1a1, col1a2, and col1a3), each made with a pooled sample from all groups and nuclease-

free water. Efficiencies between 90-110% were accepted and R2 was > 0.95 for all standard curves. 

For miR-29b, a temperature gradient was performed (55.0°C, 55.7°C, 57.0°C, 59.0°C, 61.4°C, 

63.3°C, 64.5°C, and 65.0°C), because the standard 60°C annealing temperature was inefficient, 

demonstrating an ideal annealing temperature of 65°C. Samples were diluted to 5x using nuclease-

free water to ensure they would fall on the standard curve. 
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Table 2.1 mRNA and miRNA primer for target genes for RT-qPCR. 

Forward, reverse, and probe (when relevant) primer sequences used for RT-qPCR. Efficiency (%), 

amplicon length (bp) and annealing temperature (°C) are reported. Amplicon length of miR-29b-3p 

not able to be determined due to the Universal Reverse Primer (Qiagen) sequence being proprietary 

and undisclosed. 

Primer Sequence (5’-3’) Efficiency 

(%) 

Amplicon 

(bp) 

Annealing 

Temp (°C) 

5S F: CCTGAACACGCCCGATCTC 

R: TAGGCGGTCTCCCATCCAAG 

103.4 80 60 

16S RBD F: AACCCGTCTCTGTGGCAAAA 

R: TCCGGGAGGCTGAACTTCTA 

107.4 112 60 

18S dre F: ATGGCCGTTCTTAGTTGGTG 

R: GAACGCCACTTGTCCCTCTA 

100.3 130 60 

miR-29b-3p F: TAGCACCATTTGAAATCAGTGTT 

R: Universal Reverse Primer (Qiagen, Cat# 

218073) 

105.7 N/A 65 

col1a1 F: GCAAGACAGTCATCGACTACAA 

PRB: /56-

FAM/ATCGCTCCT/ZEN/ATGGACGTTGG

TGC/3IABkFQ/ 

R: GTCCAATTTCAAGGCCAAACTC 

99.2 111 60 

col1a2 F: GGTGGATATGATGTCTCTGGATATG 

PRB: /56-

FAM/AGAGCCAAG/ZEN/GACTACGAGG

TCGAT/3IABkFQ/ 

R: GATCTGAGTGTTGAGGGACTTG 

102.0 108 60 

col1a3 F: CCTCAGCAAGAACATCAGAGAG 

PRB: /56-

FAM/AGGAAGCCC/ZEN/ATCTGGTTCA

GCGAG/3IABkFQ/ 

R: CTGCCATACTGGAACTGGAAT 

100.2 81 60 
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2.1.4 Collagen Type I Gene Sequence Alignment 

To determine the potential for miR-29b to bind to and interact with the collagen type I 

mRNA transcripts in the rainbow darter, an alignment of the collagen type I transcripts was 

performed using MEGA11 (Molecular Evolutionary Genetics Analysis) alignment software. This 

alignment built off the alignment performed by (Johnston et al., 2019), where the conservation of the 

miR-29b seed sequence was investigated. Comparing to the 3’UTRs of col1a1, col1a2, and col1a3 

that (Johnston et al., 2019) determined for rainbow trout, the following species (and genome assembly 

identifiers) were used in an alignment with the respective transcripts in the rainbow darter: Danio 

rerio: GRCz11 (GCF_000002035.6); Salmo salar: ICSASG_v2 (GCF_000233375.1); Salvelinus 

alpinus: ASM291031v2 (GCF_002910315.2). Additionally, the Arkansas darter (Etheostoma cragini; 

CSU_Ecrag_1.0 (GCF_013103735.1)) was added to the alignment given its close taxonomical 

relationship to the rainbow darter. Rainbow darter collagen type I transcript 3’UTRs were determined 

by aligning the full gene sequence to the coding sequence of the same gene in the closely related 

Arkansas darter. This 3’UTR was then used in the final alignment with the other species to determine 

in the miR-29b binding site is conserved in the rainbow darter and, therefore, predicted to be 

influenced by it. 

2.1.5 Histology Protocol & Heart Morphology Measurements 

Heart tissue placed in 2% formalin solution after dissection was transferred to 4°C for 24h 

with constant agitation. Afterwards, hearts were moved to 70% EtOH at 4°C for long term storage. 

Tissue was processed using the Thermo Scientific Excelsior AS automated tissue processor standard 

protocol. For processing, tissue was submerged in EtOH until the processing run was scheduled to 

start, then decreasing concentrations of EtOH were applied to the tissue in a total of six 30-minute 

intervals. Afterwards, three rounds of 30 minutes of 100% xylene were applied to the tissue, which 
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was finally followed by three 80-minute intervals of wax infiltration. Processed hearts were then 

embedded in paraffin wax in a Shandon Tissue Processor. To ensure the same orientation of the 

tissue, a small amount of tissue dye (Thermo Scientific) was used on the end of the bulbous 

arteriosus. Using a Leica RM2235 microtome, hearts were sectioned at 5µm, sections flattened in a 

warm water bath with 0.1% Leica Surgipath® Sta-On® Tissue Section Adhesive and adhered to 

slides with a Mayer’s albumin coating to ensure the tissue remained attached to the slides during 

staining. Slides were then deparaffinized and stained with the Picro-Sirius Red Stain Kit (Cardiac 

Muscle) (Abcam #ab245887), which stains collagen fibers a deep red and the surrounding tissue 

yellow (Picro-Sirius Red Stain Kit (Cardiac Muscle) (Ab245887) | Abcam, Canada, n.d.). 

Images were taken using a Leica DM1000 LED microscope and Leica LAS V4.4 imaging 

software at 50X magnification. These images were then opened in ImageJ where they were separated 

into Hue, Saturation, and Brightness components. In the Hue component, deep red colours become 

very dark black or bright white. Pixel density of bright white pixels was quantified using the hue 

value range of 221-256 to denote the red collagen fibres (Rich & Whittaker, 2005; Shaftoe et al., 

2023). 

HrSI for each individual fish was determined by dividing heart mass by total boss mass, with 

gonad weight removed from total body mass to account for differences in the reproductive cycle: 

[(heart mass (g)/(total mass (g) – gonad mass (g)))*100]. GSI was similarly calculated by dividing 

gonad mass by total body mass: [(gonad mass (g)/total mass (g))*100]. 

 Epicardium thickness in each sample was measured from the same tissue sections in images 

at 400X magnification in three fields of view (see Appendix Fig. A.1. Fig A.2, & Fig. A.3). In each 

field, two measurements of epicardium thickness were made, for a total of six measurements for each 

sample. The mean of the six measurements was then determined to represent the epicardium thickness 
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for that sample. Samples were only grouped by season, as there were too few samples to separate by 

sex. 

2.1.6 Western Blot Protein Analysis 

 Frozen (-80°C) collected heart tissue with the bulbous arteriosus removed was homogenized 

for protein with Lysis buffer (50mM Tris, 1% Triton X-100, 150mM NaCl, pH 8.0) on ice, kept at 

4°C with agitation for 2 hours, and then centrifuged to retrieve the supernatant. A Bicinchoninic acid 

(BCA) assay for total protein content was then performed on all samples. Sexes for the three seasons 

were combined into the three season groups because too few heart samples were available to examine 

the sexes independently in each season. Using a concentration of 20µg of protein and 4X Laemmli 

(BioRad), samples were run through gel electrophoresis for ~30 minutes to separate the protein by 

weight. Pre-cast gels (BioRad Mini-PROTEAN®TGX Stain-Free™ Precast Gels) were used in a 

BioRad Mini-PROTEAN® Tetra System gel electrophoresis unit. Finished gels were imaged in a 

BioRad Chemidoc™ MP Imaging System using ImageLab (BioRad) software. Protein from imaged 

gels were then transferred to membranes using a BioRad Trans-Blot® Turbo™ Transfer System at 

2.5 A, 25V for 3 min and pre-made transfer blot sandwiches (BioRad Trans-Blot®Turbo™ Transfer 

Pack). Membranes were blocked for 1 hour with 5% skim milk powder and then washed in 2 washes 

of 1X TBST for 5 min each. Following the washes, membranes were incubated with the primary 

antibody, rabbit anti-salmon collagen type I (Cedarlane), at a concentration of 1:1000, diluted with 

5% skim milk powder, overnight at 4°C with constant agitation. The next day, the membranes were 

washed in 1X TBST once for 20 minutes, then 4 more times at 5 minutes each. Membranes were then 

incubated with the horseradish peroxidase (HRP) linked-secondary goat anti-rabbit antibody 

(Invitrogen), at a concentration of 1:1000, diluted with 5% skim milk powder, for 1 hour at room 

temperature. Afterwards, membranes were washed again with 1X TBST for 20 minutes and then 4 
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more times for 5 minutes each. To visualize the bound secondary antibodies, membranes were put in 

BioRad Clarity™Western ECL Substrate and subsequently imaged in the Chemidoc using ImageLab. 

On ImageLab, bands present at 150kDa, the protein mass for collagen type I, were analyzed and 

normalized to protein content on the gel images. 

2.1.7 Statistical Analysis 

Data was statistically analyzed with GraphPad Prism 10.2.1 Software. RT-pPCR data and 

HrSI were analyzed with Two-way ANOVAs to determine the effects of season, sex, and their 

interaction on gene expression (See Appendix Table A.1). Follow-up Tukey post hoc tests were 

performed when appropriate to determine the specific differences between the groups. For western 

blot protein data analysis, sexes were combined to examine season effects due to a lower available 

sample count. One-way ANOVAs were performed to determine the effect of season on protein 

abundance, epicardium thickness, and GSI (see Appendix Table A.2), followed by a Tukey post hoc 

test to determine specific differences between the groups. All ANOVA alpha values were set to 5% (α 

= 0.05), where p values were considered significant when p < α. The assumptions of normality of the 

residuals and homoskedasticity for the Two-way ANOVA were tested with the Shapiro-Wilk 

normality test and Spearman’s test for heteroskedasticity, respectively. The assumptions of normality 

of the residuals and equality of variances were tested with the Shapiro-Wilk normality test and 

Bartlett’s test, respectively. Linear regression analysis was performed on comparisons between miR-

29b and the three collagen type I mRNA, and additionally with total means collagen type I content 

determine through western blot. When needed, data was transformed to pass assumption tests. All 

data presented in graphical figures show untransformed data. 
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2.2 Results 

2.2.1 River water temperature profiles differ by season 

Water temperature in the Grand River, ON at the Grand Valley, ON sampling site showed 

differing temperature profiles at each of the three season timepoints (Fig. 2.4). All six iButtons 

showed extremely similar temperature readings that they were effectively the same regardless of 

location, shade cover, or depth, so all six iButton readings were averaged to determine the river water 

temperature at each timepoint. Air temperature denoted by the red lines and described here was 

provided by Environment Canada at the Kitchener-Waterloo, ON weather station (Station Results - 

Kitchener/Waterloo - Historical Data - Climate - Environment and Climate Change Canada, 2023). 

In the spring (Fig. 2.4), water temperatures averaged 21.0°C over the two weeks, with a peak 

of 28.0°C on May 31 at 5PM & June 2 at 4PM and a minimum of 13.5°C on May 26 at 6AM. This 

season saw the largest temperature swings with average fluctuations of 6.8°C. The largest 

temperature fluctuation was observed on May 29 with a change of 8.5°C from maximum to minimum 

throughout the day, and a minimum fluctuation of 5.0°C on June 3 & 5. Spring air temperatures 

averaged 17.0°C across the two weeks and had much larger variation than the water. With a 

maximum recorded temperature of 31.5°C on June 2 at 2PM and a minimum of 1.5°C on May 26 at 

4AM, the air temperature experienced a difference of 30°C across two weeks. Average daily air 

temperature fluctuations were 17.7°C, with a maximum fluctuation of 21.8°C in one day on May 30 

and a minimum fluctuation of 12.4°C in one day on June 3 & 6. 

Summer river water temperatures (Fig. 2.5) were similar to those of spring but with smaller 

fluctuations. Average water temperature was 20.5°C across the two weeks, with a maximum of 

24.1°C observed on August 16 at 4PM and minimum of 15.5°C observed on August 19 at 7AM. 

Water temperature fluctuations averaged at 3.86°C, reaching a 5.7°C daily fluctuation on August 19 
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and a minimum of a 1.5°C daily fluctuation on August 15. Air temperatures followed a similar 

pattern, showing a similar profile to those in the spring, but with lower overall fluctuations. Average 

air temperature was 18.8°C over the two weeks, reaching a maximum of 27.6°C on August 9 at 2PM 

and a minimum of 9.2°C on August 19 at 6AM. Fluctuations were considerably lower than spring, 

averaging at 9.9°C across the two weeks, with a maximum daily fluctuation of 14.4°C on August 9 

and a minimum daily fluctuation of 3.4°C on August 15. 

Fall river water temperatures (Fig. 2.6) were much more stable than either of the previous two 

seasons. As expected, the two-week water temperature average was considerably lower than spring or 

summer at 10.4°C, with a maximum of 14.1°C on October 27 at 9PM and a minimum of 5.5°C on 

October 23 at 9AM. Water fluctuations were very limited with many days showing little to no daily 

fluctuations. The average fluctuations across the sampling time were 2.02°C, with a maximum daily 

fluctuation of 3.0°C observed on October 23, 24, & 28 and a minimum daily fluctuation of 1.0°C 

observed on October 20 & 26. Fall air temperatures showed more variability than the water and was 

not as closely linked with the water temperature as in other seasons. The two-week average air 

temperature was 9.4°C, reaching a maximum of 21.7°C on October 27 at 3PM and a minimum of -

3.8°C on October 23 at 7AM. Air temperatures reached below freezing for no longer than one day on 

October 23 and October 31, and water temperatures never reached below 0°C. Air daily fluctuations 

were smaller than previous seasons, with a two-week average of 7.38°C. Daily fluctuations reached 

as high as 16.6°C on October 23 right after the temperature was below freezing, and as low as 2.3°C 

on October 29. 

 Finally, the longer-term river water temperature monitoring from early August to mid-

October (Fig. 2.7) shows trends consistent with the summer temperatures in Figure 2.5, with the 

exception of the clear drop-off starting around October 7. It is worth noting that the temperature at 
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this drop-off decreased from ~19°C to ~9°C from October 6 to October 10 with minimal fluctuations 

during that time. Overall, this 2.5 month time period experienced an average water temperature of 

17.7°C, with a maximum of 26.5°C on September 6 at 3PM and a minimum of 8.4°C on October 12 

at 8AM. Unsurprisingly, since most of this time frame captures summer, the average fluctuations 

were very close to those of the summer two-week time frame, at 3.28°C. Maximum daily fluctuations 

reached 5.67°C on August 19 and were as low as 0.67°C on October 15. 
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Figure 2.4 May-June (spring) river temperature. 

Spring season, 2023 (late May-early June) temperature profile of the Grand River at the Grand 

Valley, ON sampling site two weeks around the sampling date. Since all locations recorded very 

similar temperatures, water data was averaged from six iButtons on cinder blocks placed in three river 

locations at the sampling site (under bridge, upstream of bridge, and downstream of bridge), where 

each cinder block had an iButton 3cm and 20cm from the riverbed. Air temperature denoted in red, 

provided by Environment Canada Kitchener-Waterloo weather station. 
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Figure 2.5 August (summer) river temperature. 

Summer season, 2023 (mid-August) temperature profile of the Grand River at the Grand Valley, ON 

sampling site two weeks around the sampling date. Since all locations recorded very similar 

temperatures, water data was averaged from six iButtons on cinder blocks placed in three river 

locations at the sampling site (under bridge, upstream of bridge, and downstream of bridge), where 

each cinder block had an iButton 3cm and 20cm from the riverbed. Air temperature denoted in red, 

provided by Environment Canada Kitchener-Waterloo weather station. 
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Figure 2.6 October (fall) river temperature. 

Fall season, 2023 (late October) temperature profile of the Grand River at the Grand Valley, ON 

sampling site two weeks around the sampling date. Since all locations recorded very similar 

temperatures, water data was averaged from six iButtons on cinder blocks placed in three river 

locations at the sampling site (under bridge, upstream of bridge, and downstream of bridge), where 

each cinder block had an iButton 3cm and 20cm from the riverbed. Air temperature denoted in red, 

provided by Environment Canada Kitchener-Waterloo weather station. 
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Figure 2.7 August to October river temperature. 

Mid-summer to early fall, 2023 (August to October) temperature profile of the Grand River at the 

Grand Valley, ON sampling site two weeks around the sampling date. Since all locations recorded 

very similar temperatures, water data was averaged from six iButtons on cinder blocks placed in three 

river locations at the sampling site (under bridge, upstream of bridge, and downstream of bridge), 

where each cinder block had an iButton 3cm and 20cm from the riverbed. 
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2.2.2 Collagen type I gene expression changes with season 

A significant season effect was found in heart col1a1 expression (Fig 2.8A: Two-way 

ANOVA, F2,46 = 8.972, p = 0.0005). No significant sex effect was found (Two-way ANOVA, F1,46 = 

0.2600, p = 0.6126). Additionally, no interactive effect between season and sex was observed (Two-

way ANOVA, F2,46 = 0.01072, p = 0.9893). Tukey post hoc test found heart col1a1 expression was 

significantly different in the summer season compared to both the spring and fall seasons, with a 2.3-

fold increase in the spring compared to summer (Tukey HSD, p = 0.0003) and a 1.4-fold increase in 

fall compared to summer (Tukey HSD, p = 0.04). Fall sees a slight decrease in mean expression but 

was not found to be statistically significant (Tukey HSD, p = 0.1409).  

For col1a2, a significant season effect was observed (Fig 2.8B: Two-Way ANOVA, F2,46 = 

4.460, p = 0.0170) and no sex effect was found (Two-Way ANOVA, F1,46 = 0.07156, p = 0.7903) like 

was seen in col1a1. No significant interactive effect between season and sex was observed (Two-Way 

ANOVA, F2,46 = 2.353, p = 0.1064). Tukey post hoc testing showed a significant 1.3-fold increase in 

col1a2 expression in the spring compared to fall season (Tukey HSD, p = 0.0161). In summer, while 

having slightly lower mean expression than spring, no significant effect was observed (Tukey HSD, p 

= 0.6665). The slight increase in mean expression in summer compared to fall also showed no 

significant effect (Tukey HSD, p = 0.1297). 

Interestingly, no significant effect was observed for either season (Fig 2.8C: Two-Way 

ANOVA, F2,46 = 0.5122, p = 0.6025) or sex (Two-Way ANOVA, F1,46 = 0.7446, p = 0.3927) in 

col1a3 expression. Therefore, there was also no interactive effect between season and sex observed 

(Two-Way ANOVA, F2,46 = 0.4804, p = 0.6216). 
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Figure 2.8 Gene expression of col1a1, col1a2, and col1a3. 

Relative expression of the three collagen type I subunit mRNA transcripts (A) col1a1, B) col1a2, and 

C) col1a3) in the rainbow darter heart in spring, summer, and fall 2023. Black bars indicate the mean 

±SEM of each group. Analysis through Two-way ANOVA, followed by Tukey post-hoc test. col1a1 

and col1a2 were both sqrt transformed to meet test assumptions. No significant sex effect was found, 

so sexes for each season were combined in the graph. Different letters within graphs denote statistical 

significance. (n = 8 for males and females in both spring and summer; n = 10 for males and females 

in fall). 
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2.2.3 MicroRNA-29b binding sequence conserved in darter species 

Figure 2.9 shows the alignment of the 3’UTR of the rainbow trout, Atlantic salmon, 

zebrafish, Arctic char, Arkansas darter, and rainbow darter. The nucleotides highlighted in yellow 

represent the binding sequence for miR-29b, either 7 or 8 nucleotides long. The Arkansas darter and 

rainbow darter have been added to this alignment based on the alignment performed by (Johnston et 

al., 2019). Both col1a1 (Fig. 2.9A) and col1a3 (Fig. 2.9C) align with the 7-nucleotide seed sequence 

for miR-29b (GGTGCTA), while col1a2 aligns with the 8-nucleotide seed sequence (TGGTGCTA) 

binding sequence (Fig. 2.9B). This alignment shows that this binding sequence is conserved among 

these fish species and that it would be predicted that miR-29b would have the ability to bind to and act 

on these three transcripts. 

2.2.4 MicroRNA-29b expression is significantly higher in females but no regression 

with collagen type I mRNA 

A significant sex effect was observed in the expression of miR-29b in heart tissue between the 

males and females (Fig 2.10: Two-way ANOVA, F1,46 = 8.358, p = 0.0058). Females had a 1.4-fold 

increase in overall miR-29b expression compared to the males. Interestingly, no significant season 

effect was observed (Two-way ANOVA, F2,46 = 2.329, p = 0.1088). Additionally, no interaction 

effect was observed (Two-way ANOVA, F2,46 = 2.051, p = 0.1402). No significant regression slope 

was found between miR-29b and col1a1 (Fig 2.11: Linear regression, slope = -0.1668, F1,50 = 0.7174, 

p = 0.401), col1a2 (Fig 2.12: Linear regression, slope = -0.05759, F1,50 = 0.1384, p = 0.7115), or 

col1a3 (Fig 2.13: Linear regression, slope = -0.1751, F1,50 = 1.14, p = 0.2908). 
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Figure 2.9 Sequence alignment of miR-29b. 

Sequence alignment of 3’UTR of rainbow trout, Atlantic salmon, zebrafish, Arctic char, Arkansas 

darter, and rainbow darter. Aligned miR-29b binding site highlighted in yellow, either the 7-

nucleotide (GGTGCTA) or 8-nucleotide (TGGTGCTA) seed sequence. A) col1a1 transcript. B) 

col1a2 transcript. C) col1a3 transcript. Non-darter species sequences from alignment performed by 

(Johnston et al., 2019). 
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Figure 2.10 Gene expression of miR-29b. 

Relative expression of miR-29b in the rainbow darter heart in spring (May 29), summer (August 22), 

and fall (October 31) 2023. Black bars indicate the mean of each group. Analysis through Two-way 

ANOVA. Data was log transformed to meet test assumptions. No significant season effect was found, 

so seasons for each sex were combined in the graph. Different letters within graphs denote statistical 

significance. (n = 8 for males and females in both spring and summer; n = 10 for males and females 

in fall). 
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Figure 2.11 Regression of miR-29b & col1a1. 

Regression of miR-29b expression and col1a1 expression. Expression values include all three 

seasons. Slope of regression line = -0.1668 (p > 0.05). 

 

  

slope = -0.1668 
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Figure 2.12 Regression of miR-29b & col1a2. 

Regression of miR-29b expression and col1a2 expression. Expression values include all three 

seasons. Slope of regression line = -0.05759 (p > 0.05). 

 

  

slope = -0.05759 
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Figure 2.13 Regression of miR-29b & col1a3. 

Regression of miR-29b expression and col1a3 expression. Expression values include all three 

seasons. Slope of regression line = -0.1751 (p > 0.05). 
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2.2.5 Histological analysis shows evidence of cardiac hypertrophy 

HrSI measurements show an increase in relative heart mass compared to body mass (with 

gonad mass removed) in the spring and fall, compared to summer (Fig 2.14: Two-way ANOVA, F2,46 

= 20.99, p < 0.0001). No significant sex (Two-way ANOVA, F1,46 = 0.5391, p = 0.4665) or 

interaction effect was found (Two-way ANOVA, F2,46 = 2.398, p = 0.1022). Spring saw a 1.4-fold 

increase in relative heart mass compared to summer (Tukey HSD, p = 0.0198). Fall saw a 1.6-fold 

increase compared to spring (Tukey HSD, p = 0.0031) and a 2.3-fold increase compared to summer 

(Tukey HSD, p < 0.0001). GSI measurements also see seasonal differences in both males (Fig 2.15A: 

One-way ANOVA, F2,30 = 324.9, p < 0.0001) and females (Fig 2.15B: One-way ANOVA, F2,31 = 

158.1, p < 0.0001). In males, spring had a 16-fold increase in relative gonad mass compared to 

summer (Tukey HSD, p < 0.0001). In fall, males had a 1.5-fold increase compared to spring (Tukey 

HSD, p = 0.0004) and a 23.7-fold increase compared to summer (Tukey HSD, p < 0.0001). Female 

rainbow darters had their highest GSI during the spring, with a 4.4-fold increase compared to summer 

(Tukey HSD, p < 0.0001) and a 1.8-fold increase compared to fall (Tukey HSD, p = 0.0006). The fall 

season in females had a 2.5-fold increase in relative gonad mass compared to summer (Tukey HSD, p 

< 0.0001). Measurements of epicardium thickness from the histological sections did not show a 

significant difference between seasons (Fig 2.16: One-way ANOVA, F2,12 = 1.502, p = 0.2617). 

Picro-sirius red staining showed a trend of lower mean collagen type I content in the summer 

compared to both the spring and fall seasons (Fig. 2.17). Spring and fall mean collagen type I content 

were relatively similar, with a slight increase in the fall, likely due to the higher variation between fall 

samples.  
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2.2.6 Western blot analysis 

The western blots for collagen type I show a significant seasonal effect (Fig. 2.18: One-way 

ANOVA, F2,14 = 3.970, p = 0.0431). Follow-up Tukey test was not able to discern individual group 

differences between seasons (Tukey HSD, p > 0.05), but there is a trend that the mean differences 

between seasons may be driven by an increase in the collagen type I content in the spring. 

Comparison of mean collagen type I and mean miR-29b expression in each season through linear 

regression found no significant regression slope (Fig. 2.19: Linear regression, slope = -0.7137, F1,1 = 

0.066199, p = 0.8398). 
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Figure 2.14 Heart somatic index of collected rainbow darters. 

Heart somatic index (HrSI) of collected rainbow darters. Gonad mass removed from total body mass 

in HrSI calculation to remove reproductive state effects on total mass (HrSI = [heart mass (g)/(total 

mass (g) – gonad mass (g))]*100). Black bars represent mean with ±SEM for each group. Analysis 

through two-way ANOVA to test for season and sex effects. Data was log transformed to meet test 

assumptions. No significant sex effect was found. Tukey post hoc test performed to find season 

differences. (n = 16 for spring and summer; n = 20 for fall). 
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Figure 2.15 Gonad somatic index of collected male and female rainbow darters. 

Gonad somatic index (GSI) for male (A) and female (B) rainbow darters. Black bars represent mean 

with ±SEM for each group. Analysis through one-way ANOVA followed by Tukey post hoc test. One 

outlier was removed from GSI in the female during summer (Grubbs test, G = 2.993, α = 0.05). Data 

was sine transformed and log transformed for male GSI and female GSI, respectively, to meet test 

assumptions. (n = 10 for spring and summer for each sex; n = 12 for fall for each sex). 

  

B A 
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Figure 2.16 Epicardium thickness of rainbow darter hearts. 

Epicardium thickness (µm) of the rainbow darter heart tissue. Black bars represent mean ±SEM for 

each group. Analysis through one-way ANOVA. Sexes combined due to low available tissue. One 

sample in summer was removed, as it was determined to be an outlier (Grubbs test, G = 2.032, α = 

0.05). Data was Y2 transformed to meet test assumptions. (n = 5 for all seasons). 
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Figure 2.17 Histological collagen protein content in rainbow darter heart tissue. 

Collagen type I area (µm2) in rainbow darter cardiac muscle stained with picro-sirius red stain, 

standardized to total section area. Picro-sirius red stain binds to collagen fibres, colouring them a deep 

red. Quantity of red in the section is used to determine total collagen content compared to the rest of 

the section. Separated Hue image components revealed deep red colours as hue values of 221-256. 
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Figure 2.18 Western blot seasonal collagen type I content in rainbow darter heart tissue. 

Collagen type I content determined by western blot in the rainbow darter heart in spring, summer, and 

fall, normalized to protein on the gel images. Black bars represent the mean with ±SEM for each 

group. Analysis through one-way ANOVA with follow-up Tukey post hoc test. Male and female 

sexes were combined in each group due to low sample number. One sample was removed from 

summer as it was determined to be an outlier (Grubbs test, G = 1.983, α = 0.05). Statistically 

significant season effect denoted with asterisk (*). (n = 6 for spring and fall; n = 5 for summer). 

  



 

 50 

Figure 2.19 Regression of miR-29b & collagen type I. 

Regression of miR-29b expression and collagen type I protein determined from western blot. Season 

means and ±SEM (black bars) for expression and protein used for each of the three points. Slope of 

regression line = -0.7137 (p > 0.05). 

  

slope = -0.7137 
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Chapter 3 

Discussion 

3.1.1 River Temperature Analysis 

River water temperature across the three seasons saw very different temperature profiles (Fig 

2.4, Fig. 2.5, & Fig. 2.6). Unsurprisingly, water temperature fluctuated daily, with fluctuations 

matching closely with the changes in air temperature. However, it was interesting to observe that the 

average water temperature of the recorded summer temperatures in August was 0.5°C lower than the 

average water temperature in early June. Evidently, this is only a single year of measurements, and it 

would be expected that average summer temperatures could be quite a bit higher than average spring 

temperatures, especially during El Niño years, which could increase in frequency with climate change 

(McPhaden et al., 2020; Sandweiss & Maasch, 2022). It is also interesting to note the much lower 

variation in fall temperatures, having only average water temperature fluctuations of 1.7°C. This 

demonstrates that not only are there different average water temperatures across seasons, but also 

overall different season water temperature fluctuation profiles. This adds another layer of interest in 

understanding how seasons relate to temperature profiles. 

It is worth noting that the observed water temperature fluctuations in this study represent a 

different seasonal temperature profile than the use of static temperature used in previous studies 

examining the heart remodeling response (Johnson et al., 2014; Jørgensen et al., 2014; Keen et al., 

2016, 2018). The absolute difference in these static temperatures between treatment groups within 

these lab trials approaches the bounds of the fluctuations observed in the spring and summer seasons 

of this study (Johnson et al., 2014; Jørgensen et al., 2014; Keen et al., 2016, 2018). For example, 

Keen et al., (2016) utilized temperatures of 5°C ± 1 for cold treatment, 10°C ± 1 for control treatment, 

and 18°C ± 1 for warm treatment for their rainbow trout cold and warm acclimation study. Similarly, 
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Johnson et al., (2014) used 27°C for control and 20°C for cold treatment in their zebrafish cold 

acclimation study and Jørgensen et al., (2014) use 14°C for control and 19°C for warm treatment in 

their Atlantic salmon study. Observed Grand River daily temperature fluctuations reached as high as 

8.5°C and 5.5°C in spring and summer, respectively. With two-week average fluctuations at 6.8°C 

and 3.9°C, respectively, it is evident that water temperatures in shallow river systems, such as the 

Grand River, will consistently oscillate between the treatment temperatures of those past studies. It 

remains to be studied whether such large swings in temperature would impact a longer-term 

acclimation/acclimatization heart remodeling response since the fluctuations occur on a relatively 

short time scale. However, it is clear that these are not insignificant changes in temperature and that 

current lab methods for representing season in the study of a proposed seasonal response may be 

insufficient for capturing the true thermal nature of those seasons. Therefore, fluctuating temperatures 

should be examined further in more controlled settings (Turko et al., 2023). 

3.1.2 Gene Expression 

The alignment of the 3’UTR of col1a1, col1a2, and col1a3 all demonstrate that miR-29b has 

a high likelihood of being able to target those mRNA transcripts (Fig 2.9), however no seasonal 

changes in miR-29b expression were observed. The sex effect observed (Fig 2.10) was largely driven 

by higher variation in the females during the summer (see Appendix Fig A.4 for an alternate graphical 

view), so it is difficult to determine what the significance of the sex difference may be. Testosterone 

has been demonstrated to be pro-hypertrophy in trout (Davie & Thorarensen, 1997) and estrogen to 

be anti-hypertrophy in mammalian models (Babiker et al., 2002; Behrendt, 1977; Schaible et al., 

1984), in the context of cardiac hypertrophy, however given that miR-29b is linked with collagen 

remodeling and not cardiac hypertrophy (even though both often occur together), the hormone effects 

exhibited in those studies likely don’t translate to microRNA. Whether either hormone influences 
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miR-29b would have to be investigated further. There has been evidence in mammal models of effects 

of testosterone on microRNA expression (Chodari et al., 2017) but it is also possible that life history 

differences between male and female rainbow darters, perhaps linked to reproduction, could be a 

stronger driver of these sex differences. 

Observed differences in collagen type I gene expression (Fig 2.8) suggest possible changes in 

collagen type I content in the cardiac tissue of the rainbow darter across seasons. The primary 

differences are lower overall expression of col1a1 in the summer and lower expression of col1a2 in 

the fall (Fig 2.8A, B). Given that all three collagen type I transcripts are required for fish to produce 

the collagen type I protein, a reduction in any of the transcripts would theoretically result in less 

protein. Therefore, the expression data would predict that there would be lower collagen type I 

protein in the summer due to a decrease in col1a1 expression and lower protein in fall due to a 

decrease in col1a2. However, gene expression does not necessarily reflect protein abundance, due to 

the numerous post-transcriptional and translational processes prior to producing a functional protein. 

Interestingly, col1a3 saw no significant difference in expression across seasons. This transcript is of 

particular interest due to it being unique to fish and, therefore, has been proposed as a mechanism to 

regulate removal of collagen from the heart tissue (Johnston et al., 2019; Keen et al., 2016). As 

discussed previously, mammals lack the ability to remove heart collagen, which leads to fibrosis 

pathologies, and they also lack the col1a3 transcript (Keen et al., 2018; Pöschl et al., 1988; Saito et 

al., 2001). This a primary reason col1a3 was proposed as a mechanism for fish cardiac collagen 

removal (Keen et al., 2018), since col1a3 was most responsive to temperature and miR-29b effects 

compared to the other two collagen type I mRNA transcripts (Johnston et al., 2019; Keen et al., 

2016). However, there are likely a combination of mechanisms, including the TGF-β1 pathway 

described previously, that enable collagen removal in the heart. The exact reason why no col1a3 
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effects were observed in the rainbow darter is unknown, but it could suggest a different mechanism of 

regulation in these fish or the possibility that the sampling time at each season timepoint missed the 

‘window’ of gene expression change responsible for the changes in heart collagen. It is also possible 

that miR-29b is acting on other collagen transcripts, as it has been predicted to target col4a4 (Johnston 

et al., 2019) and has been demonstrated to alter expression of COL3A1 and COL4A2 proteins in mice 

(Abonnenc et al., 2013). Additionally, it has been demonstrated to alter expression of MMP2 and 

TIMP2 proteins in mice (Abonnenc et al., 2013), suggesting that miR-29b could act on collagen 

removal more indirectly than targeting its specific mRNA transcripts. 

It has not yet been fully explored when gene expression changes occur for this 

acclimatization response. Acclimation studies in the lab range from 4 weeks to several months, 

meaning the window of expression changes could be easy to miss (Johnson et al., 2014; Jørgensen et 

al., 2014; Keen et al., 2016, 2018). Additionally, rainbow darter heart samples in this study were 

collected in the later part of each season, meaning there was a higher likelihood of missing the 

‘window’ of gene expression. This could explain why there was unexpectedly no seasonal difference 

in miR-29b expression. If miR-29b is involved in the removal of collagen mRNA transcripts during 

this cardiac remodeling, it would be expected to be most active during the gene expression window. 

Regression analysis of miR-29b and collagen type I mRNA demonstrated that there is no observed 

relationship between them at the time of sampling, as there would have been an expected inverse 

relationship present given that microRNAs reduce the abundance of their target transcripts (Bartel, 

2004).  

There is no current literature that examines the in vivo function of miR-29b with respect to 

this cardiac response, so it is also plausible that it does not act on collagen type I transcripts in this 

particular context. Given the alignment of miR-29b with the collagen type I transcripts, even if miR-
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29b is not involved in this response, it likely is involved with collagen type I in other situations 

(Johnston et al., 2019). Either way, more focused studies are needed to discern the true role of miR-

29b on collagen type I in the fish heart. 

3.1.3 Heart Morphology 

Histological analysis was able to show that the rainbow darter does not appear to have a 

compact myocardium layer, as only the epicardium and a uniform myocardium (resembling spongy 

myocardium) were present in any of the sections. This information has yet to be documented in the 

literature due to very little research on rainbow darter heart physiology or morphology. The lack of a 

compact myocardium was expected since the rainbow darter is a benthic fish and the compact 

myocardium layer it is typically reserved for more athletic fish (Farrell, 1996). 

 There was evidence of cardiac hypertrophy in both the spring and fall based on HrSI 

measurements (Fig 2.14). Cardiac hypertrophy at colder temperatures has been widely documented in 

fishes (Farrell, 1987; Farrell et al., 1988; Goolish, 1987; Graham & Farrell, 1989), so these findings 

are not surprising. Cold temperatures cause the blood to become more viscous, so the heart must 

compensate by increasing muscle mass to handle the increased stress on the heart tissue (Graham & 

Farrell, 1989). Given the removal of gonad weight from total body weight for the HrSI calculations, 

these results demonstrate that changes in reproductive state on body mass was not the main driver of 

HrSI differences. GSI for both males and females showed significant seasonal differences (Fig 2.15) 

which aligned with their reproductive state and visual observations made during sampling. Females 

had the largest gonads in the spring, followed by the fall, which is consistent with rainbow darter 

gonad development for the spring spawning season (Hicks et al., 2023). Gonad size is known to 

increase again in fall before the winter (Hicks et al., 2023). Male GSI in the fall was quite high 

compared to the other seasons, but the testes are very small, so the odds of inaccurate measurements 
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in the males is much higher than the females, which may explain this discrepancy. Overall, these GSI 

measurements show the collected darters were in their expected reproductive cycles. 

The trends of the cardiac hypertrophy observed also follow a logical pattern based on the 

expected average temperatures leading up to the sampling dates, with the highest heart mass being in 

fall and the lowest being in summer. While the average spring temperature recorded (Fig 2.4) was 

very similar to that of summer (Fig 2.5), it would be expected that temperatures in the weeks and 

months before the end of May would have been noticeably colder than those in the summer. This 

would mean that cardiac hypertrophy during the spring may be the lingering result of environmental 

temperature effects from the previous colder season, with the extra size then being lost in the warm 

summer months. The fall experienced the coldest temperatures of any of the collected fish, so it is 

logical that those fish would have undergone the most cardiac hypertrophy. 

Epicardium measurements showed no significant change between seasons despite evidence of 

cardiac hypertrophy. This is consistent with the findings of Procopio et. al. (2024) in the pumpkinseed 

sunfish, which experienced collagen remodeling and cold temperature hypertrophy but no changes in 

epicardium thickness. This further supports that in fish that lack a compact myocardium, the role of 

the epicardium does not function like that of the compact myocardium during hypertrophy, as was 

initially proposed by Procopio et al. (2024) but was then dismissed after finding no evidence of 

epicardium change themselves either. 

3.1.4 Collagen Type I Protein Analysis 

Histological analysis showed differing trends in collagen content in the heart tissue, although 

there was a considerable amount of variation in the data, which may have been caused by sectioning 

issues that arose due to the tissue being noticeably brittle from tissue processing. This led to more 

focus being placed on the western blots to determine collagen content, especially as the blots related 
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to collagen type I specifically. Through western blot analysis, collagen type I content in the rainbow 

darter heart was found to be significantly different across seasons. While exact season differences 

could not be determined statistically, it is evident that much of the seasonal differences are driven by 

an increasing trend in mean collagen in the spring. Between the spring and summer collection 

timepoints, collagen content was reduced in the heart tissue, which could signify that full remodeling 

from winter to summer had not occurred at the time of spring sampling. Additionally, the similar 

collagen levels between summer and fall could indicate that the remodeling for winter had not yet 

started, especially since the onset of colder temperatures had only just begun by October 31. 

Therefore, it appears that the rainbow darter may share a similar collagen remodeling profile to the 

rainbow trout, where colder temperatures cause increased collagen, and warmer temperatures cause 

decreased collagen (Fig 1.2) (Keen et al., 2016; Klaiman et al., 2011), however more investigation 

into the specific seasonal collagen changes is required. Additionally, comparison with the 

pumpkinseed sunfish reveals yet another instance of a differing collagen response in relation to 

season. The pumpkinseed sunfish experienced lower collagen during cold seasons and higher 

collagen during warm seasons (Procopio et al., 2024), which is the opposite of the possible response 

observed in the rainbow darter. This demonstrates that there may be differing environmental 

pressures on these two species that trigger these opposing responses. The two populations 

investigated by Procopio et al. (2024) displayed collagen remodeling despite differing pressures of 

seasonality, which appeared to impact cardiac hypertrophy responses. It is clear that further 

investigation is needed regarding the conditions these organisms experience that could potentially 

drive this response. See Figure 3.1 for the current summary of heart collagen remodeling. 

The regression analysis performed between mean collagen type I content and mean miR-29b 

expression at the season timepoints did not reveal any trend (Fig. 2.19). This is unsurprising given 
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that no season effect was found independently with miR-29b expression, and no significant linear 

regression was observed between miR-29b and the collagen mRNAs. Despite this, it was still 

interesting to see if there was any link between overall protein content and the microRNA expression, 

particularly if miR-29b was acting on collagen removal more indirectly through regulation of 

MMPs/TIMPs, but it is evident that further study is needed with respect to that question. 
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Figure 3.1 Summary of heart collagen remodeling response. 

Overview of heart-collagen remodeling response in lab and field studies, including the response of the 

rainbow darter observed in this study.   
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3.1.5 Environmental Perspectives 

Much like the study on the pumpkinseed sunfish, studying organisms in the natural 

environment comes with drawbacks. In the context of this study, it is difficult to separate the many 

biotic and abiotic factors that could have contributed to the results observed. For example, while 

temperature is a significant part of seasonality, photoperiod (Evans, 1984), dissolved oxygen 

(Marques et al., 2008), and maturation (Franklin & Davie, 1992) could all be responsible for 

triggering and influencing this remodeling response. However, based on previous controlled lab 

studies, it is evident that temperature still does play an important role in this response and temperature 

effects are highly likely to be the main reason for why these remodeling changes are needed even if 

they are not ultimately the trigger. Therefore, there is a good likelihood that temperature changes 

observed in this study did influence the results observed. 

These results were also obtained from a single population of rainbow darters. While this 

study is still representative of the species, wild habitats offer very different environments and 

pressures. The pumpkinseed sunfish investigated by Procopio et al. (2024) were from two separate 

populations that had differing historical experiences with seasonality, and this was found to result in 

different observations in cardiac hypertrophy responses. While rainbow darter populations across the 

Grand River, ON would not have significantly differing exposure to seasonality, rainbow darter 

population comparisons have been common practice with respect to anthropogenic effects on 

physiology, particularly those caused by wastewater effluent and climate change (Gauvreau et al., 

2022; Robichaud & Craig, 2022; Tetreault et al., 2014). If the effects of said anthropogenic effects on 

cardiac remodeling were to be investigated, the rainbow darter would be a good model. 

While these drawbacks are caused by the complicated systems of a natural environment, the 

strengths of this study also are derived from those same systems. This remodeling mechanism has 
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been proposed as a seasonal response, but with limited studies in the natural environment, it has been 

difficult to fully understand its triggers and drivers. Adding more studies, such as the one present, 

helps give insight into whether our conclusions from the lab are supported in the context for which 

they are being applied to. 

3.1.6 Conclusions and Future Directions 

This study demonstrates that the rainbow darter has seasonal changes in the collagen type I 

content of its cardiac tissue. Spring appears to have a trend of more collagen than summer and mid 

fall, which could signify that colder temperatures in the winter require more collagen and warmer 

temperatures in the summer require less collagen. MiR-29b needs to be further investigated since no 

seasonal effect was observed, indicating that the window of its involvement may have been missed or 

its interactions with col1a1, col1a2, and col1a3 may occur in contexts beyond heart remodeling since 

alignment predictions indicate interactions between those transcripts. Evidence of cold temperature 

cardiac hypertrophy is consistent with the literature and in conjunction with the lack of a compact 

myocardium layer, provides documentation of heart morphology not previously investigated in the 

rainbow darter. 

This study is now one of very few that examines heart-collagen remodeling in the natural 

environment. Based on recorded temperature data, there are very clear differences between the season 

temperature profiles of a natural habitat and the lab. In particular, fluctuating temperatures are 

prevalent in most of the seasons, which could have significant impacts on the trigger and progress of 

the remodeling response. In future, it would be prudent to continue to investigate this response in 

parallel between the lab and natural environment, so lab-based hypotheses can be tested to see if their 

predicted conclusions match the actual responses of a complex ecosystem. Furthermore, results from 

natural studies can inform the controlled experiments designed in lab. For example, examining the 
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effects of a fluctuating temperature system in the lab would be an interesting study because it could 

help tease apart the mechanisms and triggers that underlie this response. This is not to say that past 

lab studies are inaccurately demonstrating the heart remodeling response, but that combining both lab 

and field studies will allow for the combined strength of both approaches while also being able to 

cover many of their inherent weaknesses. 



 

 63 

References 

Abonnenc, M., Nabeebaccus, A. A., Mayr, U., Barallobre-Barreiro, J., Dong, X., Cuello, F., Sur, S., 

Drozdov, I., Langley, S. R., Lu, R., Stathopoulou, K., Didangelos, A., Yin, X., Zimmermann, 

W.-H., Shah, A. M., Zampetaki, A., & Mayr, M. (2013). Extracellular matrix secretion by 

cardiac fibroblasts. Circulation Research, 113(10), 1138–1147. 

https://doi.org/10.1161/CIRCRESAHA.113.302400 

Anttila, K., Couturier, C. S., Øverli, Ø., Johnsen, A., Marthinsen, G., Nilsson, G. E., & Farrell, A. P. 

(2014). Atlantic salmon show capability for cardiac acclimation to warm temperatures. 

Nature Communications, 5(1), 4252. https://doi.org/10.1038/ncomms5252 

Babiker, F. A., De Windt, L. J., van Eickels, M., Grohe, C., Meyer, R., & Doevendans, P. A. (2002). 

Estrogenic hormone action in the heart: Regulatory network and function. Cardiovascular 

Research, 53(3), 709–719. https://doi.org/10.1016/S0008-6363(01)00526-0 

Bartel, D. P. (2004). MicroRNAs: Genomics, Biogenesis, Mechanism, and Function. Cell, 116(2), 

281–297. https://doi.org/10.1016/S0092-8674(04)00045-5 

Behrendt, H. (1977). Effect of anabolic steroids on rat heart muscle cells. Cell and Tissue Research, 

180(3), 303–315. https://doi.org/10.1007/BF00227598 

Breisch, E. A., White, F. C., & Bloor, C. M. (1984). Myocardial characteristics of pressure overload 

hypertrophy. A structural and functional study. Laboratory Investigation, 51(3), 333–342. 

Chang, C. W., Dalgliesh, A. J., López, J. E., & Griffiths, L. G. (2016). Cardiac extracellular matrix 

proteomics: Challenges, techniques, and clinical implications. PROTEOMICS – Clinical 

Applications, 10(1), 39–50. https://doi.org/10.1002/prca.201500030 

Chodari, L., Mohammadi, M., Mohaddes, M., Ghorbanzadeh, V., & Dariushnejad, H. (2017). The 

effect of testosterone and voluntary exercise, along or together, on miRNA-126 expression 



 

 64 

changes in heart of diabetic rats. Acta Endocrinologica (Buchar), 13(3), 266–271. 

https://doi.org/10.4183/aeb.2017.266 

Clark, R. J., & Rodnick, K. J. (1999). Pressure and volume overloads are associated with  ventricular 

hypertrophy in male rainbow trout. American Journal of Physiology-Regulatory, Integrative 

and Comparative Physiology, 277(4), R938–R946. 

https://doi.org/10.1152/ajpregu.1999.277.4.R938 

Collier, P., Watson, C. J., van Es, M. H., Phelan, D., McGorrian, C., Tolan, M., Ledwidge, M. T., 

McDonald, K. M., & Baugh, J. A. (2012). Getting to the heart of cardiac remodeling; how 

collagen subtypes may contribute to phenotype. Journal of Molecular and Cellular 

Cardiology, 52(1), 148–153. https://doi.org/10.1016/j.yjmcc.2011.10.002 

Cortemeglia, C., & Beitinger, T. L. (2005). Temperature tolerances of wild-type and red transgenic 

zebra danios. Transactions of the American Fisheries Society, 134(6), 1431–1437. 

https://doi.org/10.1577/T04-197.1 

Davie, P. S., & Farrell, A. P. (1991). The coronary and luminal circulations of the myocardium of 

fishes. Canadian Journal of Zoology, 69(7), 1993–2001. https://doi.org/10.1139/z91-278 

Davie, & Thorarensen. (1997). Heart growth in rainbow trout in response to exogenous testosterone 

and 17a- methyltestosterone. Comp Biochem Physiol A, 117, 227–230. 

Eghbali, M., & Weber, K. T. (1990). Collagen and the myocardium: Fibrillar structure, biosynthesis 

and degradation in relation to hypertrophy and its regression. Molecular and Cellular 

Biochemistry, 96(1), 1–14. https://doi.org/10.1007/BF00228448 

Eichhorn, S. W., Guo, H., McGeary, S. E., Rodriguez-Mias, R. A., Shin, C., Baek, D., Hsu, S., 

Ghoshal, K., Villén, J., & Bartel, D. P. (2014). mRNA destabilization is the dominant effect 

of mammalian microRNAs by the time substantial repression ensues. Molecular Cell, 56(1), 

104–115. https://doi.org/10.1016/j.molcel.2014.08.028 



 

 65 

Elliott, J. M., & Elliott, J. A. (2010). Temperature requirements of Atlantic salmon Salmo salar, 

brown trout Salmo trutta and Arctic charr Salvelinus alpinus: Predicting the effects of climate 

change. Journal of Fish Biology, 77(8), 1793–1817. https://doi.org/10.1111/j.1095-

8649.2010.02762.x 

Evans, D. O. (1984). Temperature independence of the annual cycle of standard metabolism in the 

pumpkinseed. Transactions of the American Fisheries Society, 113(4), 494–512. 

https://doi.org/10.1577/1548-8659(1984)113<494:TIOTAC>2.0.CO;2 

Farrell. (1984). A review of cardiac performance in the teleost heart: Intrinsic and humoral regulation. 

Canadian Journal of Zoology, 62(4), 523–536. https://doi.org/10.1139/z84-079 

Farrell. (1987). Coronary flow in a perfused rainbow trout heart. The Journal of Experimental 

Biology, 129, 107–123. https://doi.org/10.1242/jeb.129.1.107 

Farrell. (1996). Features heightening cardiovascular performance in fishes, with special reference to 

tunas. Comparative Biochemistry and Physiology Part A: Physiology, 113(1), 61–67. 

https://doi.org/10.1016/0300-9629(95)02058-6 

Farrell, A., Gamperl, A., Hicks, J., Shiels, H., & Jain, K. (1996). Maximum cardiac performance of 

rainbow trout (Oncorhynchus mykiss) at temperatures approaching their upper lethal limit. 

Journal of Experimental Biology, 199(3), 663–672. https://doi.org/10.1242/jeb.199.3.663 

Farrell, & Clutterham, S. M. (2003). On-line venous oxygen tensions in rainbow trout during graded 

exercise at two acclimation temperatures. Journal of Experimental Biology, 206(3), 487–496. 

https://doi.org/10.1242/jeb.00100 

Farrell, Eliason, E. J., Sandblom, E., & Clark, T. D. (2009). Fish cardiorespiratory physiology in an 

era of climate change. Canadian Journal of Zoology, 87(10), 835–851. 

https://doi.org/10.1139/Z09-092 



 

 66 

Farrell, Hammons, A. M., Graham, M. S., & Tibbits, G. F. (1988). Cardiac growth in rainbow trout, 

Salmo gairdneri. Canadian Journal of Zoology, 66(11), 2368–2373. 

https://doi.org/10.1139/z88-351 

Farrell, & Jones, D. R. (1992). The Heart. In W. S. Hoar, D. J. Randall, & A. P. Farrell (Eds.), Fish 

Physiology (Vols. 12, Part A The Cardiovascular System, pp. 1–87). Academic Press, Inc. 

Fomovsky, G. M., Thomopoulos, S., & Holmes, J. W. (2010). Contribution of extracellular matrix to 

the mechanical properties of the heart. Special Issue: Extracellular Matrix, 48(3), 490–496. 

https://doi.org/10.1016/j.yjmcc.2009.08.003 

Franklin, C. E., & Davie, P. S. (1992). Sexual maturity can double heart mass and cardiac power 

output in male rainbow trout. Journal of Experimental Biology, 171(1), 139–148. 

https://doi.org/10.1242/jeb.171.1.139 

Frantz, C., Stewart, K. M., & Weaver, V. M. (2010). The extracellular matrix at a glance. Journal of 

Cell Science, 123(24), 4195–4200. https://doi.org/10.1242/jcs.023820 

Fry. (1947). Effects of the environment on animal activity. University of Toronto Press. 

Gauvreau, N. L., Bragg, L. M., Dhiyebi, H. A., Servos, M. R., & Craig, P. M. (2022). Impacts on 

antioxidative enzymes and transcripts in darter (Etheostoma spp.) brains in the Grand River 

exposed to wastewater effluent. Comparative Biochemistry and Physiology Part C: 

Toxicology & Pharmacology, 258, 109381. https://doi.org/10.1016/j.cbpc.2022.109381 

Gomes, A. C., Falcão-Pires, I., Pires, A. L., Brás-Silva, C., & Leite-Moreira, A. F. (2013). Rodent 

models of heart failure: An updated review. Heart Failure Reviews, 18(2), 219–249. 

https://doi.org/10.1007/s10741-012-9305-3 

Goolish, E. M. (1987). Cold-acclimation increases the ventricle size of carp, Cyprinus carpio. Journal 

of Thermal Biology, 12(3), 203–205. https://doi.org/10.1016/0306-4565(87)90005-2 



 

 67 

Graham, M. S., & Farrell. (1989). The effect of temperature acclimation and adrenaline on the 

performance of a perfused trout heart. Physiological Zoology, 62(1), 38–61. 

https://doi.org/10.1086/physzool.62.1.30159997 

Graham, M. S., Fletcher, G. L., & Haedrich, R. L. (1985). Blood viscosity in arctic fishes. Journal of 

Experimental Zoology, 234(1), 157–160. https://doi.org/10.1002/jez.1402340118 

Grand River Conservation Authority. (2022). Board Report—Update on Water Quality in the Grand 

River. Grand River Conservation Authority. https://www.grandriver.ca/en/our-

watershed/resources/Documents/Water-Quality/va-GM-01-21-04---Water-Quality-

Update.pdf 

Griffiths-Jones, S., Grocock, R. J., van Dongen, S., Bateman, A., & Enright, A. J. (2006). miRBase: 

microRNA sequences, targets and gene nomenclature. Nucleic Acids Research, 34(suppl_1), 

D140–D144. https://doi.org/10.1093/nar/gkj112 

Hicks, K. A., Fuzzen, M. L. M., Dhiyebi, H. A., Bragg, L. M., Marjan, P., Cunningham, J., 

McMaster, M. E., Srikanthan, N., Nikel, K. E., Arlos, M. J., & Servos, M. R. (2023). Intersex 

manifestation in the rainbow darter (Etheostoma caeruleum): Are adult male fish susceptible 

to developing and recovering from intersex after exposure to endocrine active compounds? 

Aquatic Toxicology, 261, 106636. https://doi.org/10.1016/j.aquatox.2023.106636 

Hinderer, S., & Schenke-Layland, K. (2019). Cardiac fibrosis – A short review of causes and 

therapeutic strategies. Wound Healing and Fibrosis – State of Play, 146, 77–82. 

https://doi.org/10.1016/j.addr.2019.05.011 

Hochachka, & Somero. (1984). Biochemical Adaptation. Princeton University Press. 

https://www.jstor.org/stable/j.ctt7zv9d4 

Hu, N., Yost, H. J., & Clark, E. B. (2001). Cardiac morphology and blood pressure in the adult 

zebrafish. The Anatomical Record, 264(1), 1–12. https://doi.org/10.1002/ar.1111 



 

 68 

IPCC. (2021). Climate Change 2021: The physical science basis. Contribution of Working Group I to 

the Sixth Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge 

University Press. 

Jalil, J. E., Doering, C. W., Janicki, J. S., Pick, R., Shroff, S. G., & Weber, K. T. (1989). Fibrillar 

collagen and myocardial stiffness in the intact hypertrophied rat left ventricle. Circulation 

Research, 64(6), 1041–1050. https://doi.org/10.1161/01.RES.64.6.1041 

Johnson, A. C., Turko, A. J., Klaiman, J. M., Johnston, E. F., & Gillis, T. E. (2014). Cold acclimation 

alters the connective tissue content of the zebrafish (Danio rerio) heart. Journal of 

Experimental Biology, 217(11), 1868–1875. https://doi.org/10.1242/jeb.101196 

Johnston, E. F., Cadonic, I. G., Craig, P. M., & Gillis, T. E. (2019). MicroRNA-29b knocks down 

collagen type I production in cultured rainbow trout (Oncorhynchus mykiss) cardiac 

fibroblasts. Journal of Experimental Biology, 222(17). https://doi.org/10.1242/jeb.202788 

Johnston, E. F., & Gillis, T. E. (2017). Transforming growth factor beta-1 (TGF-β1) stimulates 

collagen synthesis in cultured rainbow trout cardiac fibroblasts. The Journal of Experimental 

Biology, 220(Pt 14), 2645–2653. https://doi.org/10.1242/jeb.160093 

Johnston, E. F., & Gillis, T. E. (2018). Transforming growth factor-β1 induces differentiation of 

rainbow trout (Oncorhynchus mykiss) cardiac fibroblasts into myofibroblasts. The Journal of 

Experimental Biology, 221(Pt 24), jeb189167. https://doi.org/10.1242/jeb.189167 

Johnston, E. F., & Gillis, T. E. (2020). Short-term cyclical stretch phosphorylates p38 and ERK1/2 

MAPKs in cultured fibroblasts from the hearts of rainbow trout, Oncorhynchus mykiss. 

Biology Open, 9(1), bio049296. https://doi.org/10.1242/bio.049296 

Johnston, E. F., & Gillis, T. E. (2022). Regulation of collagen deposition in the trout heart during 

thermal acclimation. Current Research in Physiology, 5, 99–108. 

https://doi.org/10.1016/j.crphys.2022.02.004 



 

 69 

Jørgensen, S. M., Castro, V., Krasnov, A., Torgersen, J., Timmerhaus, G., Hevrøy, E. M., Hansen, T. 

J., Susort, S., Breck, O., & Takle, H. (2014). Cardiac responses to elevated seawater 

temperature in Atlantic salmon. BMC Physiology, 14(1), 2. https://doi.org/10.1186/1472-

6793-14-2 

Katsumi, A., Orr, A. W., Tzima, E., & Schwartz, M. A. (2004). Integrins in mechanotransduction. 

Journal of Biological Chemistry, 279(13), 12001–12004. 

https://doi.org/10.1074/jbc.R300038200 

Keen, A. N., Fenna, A. J., McConnell, J. C., Sherratt, M. J., Gardner, P., & Shiels, H. A. (2016). The 

dynamic nature of hypertrophic and fibrotic remodeling of the fish ventricle. Frontiers in 

Physiology, 6. https://www.frontiersin.org/articles/10.3389/fphys.2015.00427 

Keen, A. N., Fenna, A. J., McConnell, J. C., Sherratt, M. J., Gardner, P., & Shiels, H. A. (2018). 

Macro- and micromechanical remodelling in the fish atrium is associated with regulation of 

collagen 1 alpha 3 chain expression. Pflügers Archiv - European Journal of Physiology, 

470(8), 1205–1219. https://doi.org/10.1007/s00424-018-2140-1 

Keen, A. N., Klaiman, J. M., Shiels, H. A., & Gillis, T. E. (2017). Temperature-induced cardiac 

remodelling in fish. Journal of Experimental Biology, 220(2), 147–160. 

https://doi.org/10.1242/jeb.128496 

Klaiman, J. M., Fenna, A. J., Shiels, H. A., Macri, J., & Gillis, T. E. (2011). Cardiac remodeling in 

fish: Strategies to maintain heart function during temperature change. PLOS ONE, 6(9), 

e24464. https://doi.org/10.1371/journal.pone.0024464 

Klaiman, J. M., Pyle, W. G., & Gillis, T. E. (2014). Cold acclimation increases cardiac myofilament 

function and ventricular pressure generation in trout. Journal of Experimental Biology, 

217(23), 4132–4140. https://doi.org/10.1242/jeb.109041 



 

 70 

Kolosova, I., Nethery, D., & Kern, J. A. (2011). Role of Smad2/3 and p38 MAP kinase in TGF-β1-

induced epithelial–mesenchymal transition of pulmonary epithelial cells. Journal of Cellular 

Physiology, 226(5), 1248–1254. https://doi.org/10.1002/jcp.22448 

Kong, P., Christia, P., & Frangogiannis, N. G. (2014). The pathogenesis of cardiac fibrosis. Cellular 

and Molecular Life Sciences, 71(4), 549–574. https://doi.org/10.1007/s00018-013-1349-6 

Kriegel, A. J., Liu, Y., Fang, Y., Ding, X., & Liang, M. (2012). The miR-29 family: Genomics, cell 

biology, and relevance to renal and cardiovascular injury. Physiological Genomics, 44(4), 

237–244. https://doi.org/10.1152/physiolgenomics.00141.2011 

Livak, K. J., & Schmittgen, T. D. (2001). Analysis of relative gene expression data using real-time 

quantitative PCR and the 2−ΔΔCT Method. Methods, 25(4), 402–408. 

https://doi.org/10.1006/meth.2001.1262 

López-Olmeda, J. F., & Sánchez-Vázquez, F. J. (2011). Thermal biology of zebrafish (Danio rerio). 

Journal of Thermal Biology, 36(2), 91–104. https://doi.org/10.1016/j.jtherbio.2010.12.005 

Lorell, B. H., & Carabello, B. A. (2000). Left ventricular hypertrophy: Pathogenesis, detection, and 

prognosis. Circulation, 102(4), 470–479. https://doi.org/10.1161/01.CIR.102.4.470 

MacKenna, D. A., Dolfi, F., Vuori, K., & Ruoslahti, E. (1998). Extracellular signal-regulated kinase 

and c-Jun NH2-terminal kinase activation by mechanical stretch is integrin-dependent and 

matrix-specific in rat cardiac fibroblasts. Journal of Clinical Investigation, 101(2), 301–310. 

https://doi.org/10.1172/JCI1026 

Marques, I. J., Leito, J. T. D., Spaink, H. P., Testerink, J., Jaspers, R. T., Witte, F., van den Berg, S., 

& Bagowski, C. P. (2008). Transcriptome analysis of the response to chronic constant 

hypoxia in zebrafish hearts. Journal of Comparative Physiology B, 178(1), 77–92. 

https://doi.org/10.1007/s00360-007-0201-4 



 

 71 

McPhaden, M. J., Santoso, A., & Cai, W. (2020). Introduction to El Niño southern oscillation in a 

changing climate. In El Niño Southern Oscillation in a Changing Climate (pp. 1–19). 

https://doi.org/10.1002/9781119548164.ch1 

Messerli, F. H., Rimoldi, S. F., & Bangalore, S. (2017). The transition from hypertension 

to heart failure: Contemporary update. JACC: Heart Failure, 5(8), 543–551. 

https://doi.org/10.1016/j.jchf.2017.04.012 

Murtha, L. A., Schuliga, M. J., Mabotuwana, N. S., Hardy, S. A., Waters, D. W., Burgess, J. K., 

Knight, D. A., & Boyle, A. J. (2017). The processes and mechanisms of cardiac and 

pulmonary fibrosis. Frontiers in Physiology, 8. 

https://www.frontiersin.org/articles/10.3389/fphys.2017.00777 

Paine, M. D. (1990). Life history tactics of darters (Percidae: Etheostomatiini) and their relationship 

with body size, reproductive behaviour, latitude and rarity. Journal of Fish Biology, 37(3), 

473–488. https://doi.org/10.1111/j.1095-8649.1990.tb05877.x 

Pfeifer, L., & Craig, P. (unpublished). Comparative transcriptome analysis for three Etheostoma 

species in the Grand River. 

Picro-Sirius Red Stain Kit (Cardiac Muscle) (ab245887) | Abcam, Canada. (n.d.). Retrieved June 13, 

2024, from https://www.abcam.com/en-ca/products/assay-kits/picro-sirius-red-stain-kit-

cardiac-muscle-ab245887#tab=datasheet 

Pieperhoff, S., Bennett, W., & Farrell, A. P. (2009). The intercellular organization of the two 

muscular systems in the adult salmonid heart, the compact and the spongy myocardium. 

Journal of Anatomy, 215(5), 536–547. https://doi.org/10.1111/j.1469-7580.2009.01129.x 

Poesch, M. S., Chavarie, L., Chu, C., Pandit, S. N., & Tonn, W. (2016). Climate change impacts on 

freshwater fishes: A Canadian perspective. Fisheries, 41(7), 385–391. 

https://doi.org/10.1080/03632415.2016.1180285 



 

 72 

Pörtner, H. O., Mark, F. C., & Bock, C. (2004). Oxygen limited thermal tolerance in fish?: Answers 

obtained by nuclear magnetic resonance techniques. Hypoxic Hypometabolism, 141(3), 243–

260. https://doi.org/10.1016/j.resp.2004.03.011 

Pöschl, E., Pollner, R., & Kühn, K. (1988). The genes for the alpha 1(IV) and alpha 2(IV) chains of 

human basement membrane collagen type IV are arranged head-to-head and separated by a 

bidirectional promoter of unique structure. The EMBO Journal, 7(9), 2687–2695. 

https://doi.org/10.1002/j.1460-2075.1988.tb03122.x 

Pramod, S., & Shivakumar, K. (2014). Mechanisms in cardiac fibroblast growth: An obligate role for 

Skp2 and FOXO3a in ERK1/2 MAPK-dependent regulation of p27kip1. American Journal of 

Physiology-Heart and Circulatory Physiology, 306(6), H844–H855. 

https://doi.org/10.1152/ajpheart.00933.2013 

Procopio, S. M., Studden, B. M., Axelrod, C. J., Laberge, F., & Robinson, B. W. (2024). Adaptive 

divergence of seasonal heart plasticity between Canadian and Spanish pumpkinseed sunfish 

populations. Journal of Zoology, 322(4), 351–363. https://doi.org/10.1111/jzo.13147 

Reed, M. J., Vernon, R. B., Abrass, I. B., & Sage, E. H. (1994). TGF-β1 induces the expression of 

type I collagen and SPARC, and enhances contraction of collagen gels, by fibroblasts from 

young and aged donors. Journal of Cellular Physiology, 158(1), 169–179. 

https://doi.org/10.1002/jcp.1041580121 

Rich, L., & Whittaker, P. (2005). Collagen and picrosirius red staining: A polarized light assessment 

of fibrillar hue and spatial distribution. Braz J Morphol Sci, 22(2), 97–104. 

Robichaud, K., & Craig, P. M. (2022). Nuclear microRNAs may regulate mitochondrial gene 

expression following effluent exposure in darter (Etheostoma) species. Comparative 

Biochemistry and Physiology Part B: Biochemistry and Molecular Biology, 262, 110754. 

https://doi.org/10.1016/j.cbpb.2022.110754 



 

 73 

Rodnick, K. J., Gamperl, A. K., Lizars, K. R., Bennett, M. T., Rausch, R. N., & Keeley, E. R. (2004). 

Thermal tolerance and metabolic physiology among redband trout populations in south-

eastern Oregon. Journal of Fish Biology, 64(2), 310–335. https://doi.org/10.1111/j.0022-

1112.2004.00292.x 

Roznik, E. A., & Alford, R. A. (2012). Does waterproofing Thermochron iButton dataloggers 

influence temperature readings? The Contribution of Radiotelemetry to the Advancement of 

Thermoregulatory Research, 37(4), 260–264. https://doi.org/10.1016/j.jtherbio.2012.02.004 

Saito, M., Takenouchi, Y., Kunisaki, N., & Kimura, S. (2001). Complete primary structure of 

rainbow trout type I collagen consisting of alpha1(I)alpha2(I)alpha3(I) heterotrimers. 

European Journal of Biochemistry, 268(10), 2817–2827. https://doi.org/10.1046/j.1432-

1327.2001.02160.x 

Sandweiss, D. H., & Maasch, K. A. (2022). El Niño’s role in changing fauna. Science, 377(6611), 

1153–1154. https://doi.org/10.1126/science.add8890 

Santer, R. M. (1985). Morphology and innervation of the fish heart. Advances in Anatomy, 

Embryology, and Cell Biology, 89, 1–102. https://doi.org/10.1007/978-3-642-70135-1 

Schaible, T. F., Malhotra, A., Ciambrone, G., & Scheuer, J. (1984). The effects of gonadectomy on 

left ventricular function and cardiac contractile proteins in male and female rats. Circulation 

Research, 54(1), 38–49. https://doi.org/10.1161/01.RES.54.1.38 

Schulte, P. M., Healy, T. M., & Fangue, N. A. (2011). Thermal performance curves, phenotypic 

plasticity, and the time scales of temperature exposure. Integrative and Comparative Biology, 

51(5), 691–702. https://doi.org/10.1093/icb/icr097 

Shaftoe, J. B., Manchester, E. A., & Gillis, T. E. (2023). Cardiac remodeling caused by cold 

acclimation is reversible with rewarming in zebrafish (Danio rerio). Comparative 



 

 74 

Biochemistry and Physiology Part A: Molecular & Integrative Physiology, 283, 111466. 

https://doi.org/10.1016/j.cbpa.2023.111466 

Shiels, H. A., Vornanen, M., & Farrell, A. P. (2002). Effects of temperature on intracellular Ca2+ in 

trout atrial myocytes. The Journal of Experimental Biology, 205(Pt 23), 3641–3650. 

https://doi.org/10.1242/jeb.205.23.3641 

Sinfield, J. K., Das, A., O’Regan, D. J., Ball, S. G., Porter, K. E., & Turner, N. A. (2013). P38 MAPK 

alpha mediates cytokine-induced IL-6 and MMP-3 expression in human cardiac fibroblasts. 

Biochemical and Biophysical Research Communications, 430(1), 419–424. 

https://doi.org/10.1016/j.bbrc.2012.11.071 

Station Results—Kitchener/Waterloo—Historical Data—Climate—Environment and Climate Change 

Canada. (2023). 

https://climate.weather.gc.ca/historical_data/search_historic_data_stations_e.html?searchTyp

e=stnName&timeframe=1&txtStationName=kitchener%2Fwaterloo&searchMethod=contains

&optLimit=yearRange&StartYear=1840&EndYear=2016&Year=2016&Month=8&Day=4&

selRowPerPage=25 

Sundin, J., Morgan, R., Finnøen, M. H., Dey, A., Sarkar, K., & Jutfelt, F. (2019). On the observation 

of wild zebrafish (Danio rerio) in India. Zebrafish, 16(6), 546–553. 

https://doi.org/10.1089/zeb.2019.1778 

Tetreault, G. R., Bennett, C. J., Servos, M. R., & McMaster, M. E. (2014). Optimization of effects-

assessment of greenside darter (Etheostoma blennioides) exposed to tertiary treated municipal 

wastewater based on seasonal changes of reproductive endpoints. Environmental Toxicology 

and Chemistry, 33(5), 1077–1089. https://doi.org/10.1002/etc.2526 



 

 75 

Turko, A. J., Firth, B. L., Craig, P. M., Eliason, E. J., Raby, G. D., & Borowiec, B. G. (2023). 

Physiological differences between wild and captive animals: A century-old dilemma. Journal 

of Experimental Biology, 226(23), jeb246037. https://doi.org/10.1242/jeb.246037 

van Rooij, E., Sutherland, L. B., Thatcher, J. E., DiMaio, J. M., Naseem, R. H., Marshall, W. S., Hill, 

J. A., & Olson, E. N. (2008). Dysregulation of microRNAs after myocardial infarction 

reveals a role of miR-29 in cardiac fibrosis. Proceedings of the National Academy of 

Sciences, 105(35), 13027–13032. https://doi.org/10.1073/pnas.0805038105 

Visse, R., & Nagase, H. (2003). Matrix metalloproteinases and tissue inhibitors of metalloproteinases: 

Structure, function, and biochemistry. Circulation Research, 92(8), 827–839. 

https://doi.org/10.1161/01.RES.0000070112.80711.3D 

Vornanen, M., Hassinen, M., Koskinen, H., & Krasnov, A. (2005). Steady-state effects of temperature 

acclimation on the transcriptome of the rainbow trout heart. American Journal of Physiology. 

Regulatory, Integrative and Comparative Physiology, 289(4), R1177-1184. 

https://doi.org/10.1152/ajpregu.00157.2005 

Wynn, T. A. (2007). Common and unique mechanisms regulate fibrosis in various fibroproliferative 

diseases. The Journal of Clinical Investigation, 117(3), 524–529. 

https://doi.org/10.1172/JCI31487 

  



 76 

Appendix A 

Table A.1 Two-way ANOVA F-statistics for gene targets. 

 Two-way ANOVA 

[F (DFn, DFd) = F-ratio, p-value] 

Targets/Measurement Season Sex Season x Sex 

col1a1 F (2,46) =8.972; 

p=0.0005 

F (1,46) =0.2600; 

p=0.6126 

F (2,46) =0.01072; 

p=0.9893 

col1a2 F (2,46) =4.460; 

p=0.0170 

F (1,46) =0.07156; 

p=0.7903 

F (2,46) =2.353; 

p=0.1064 

col1a3 F (2,46) =0.5122; 

p=0.6025 

F (1,46) =0.7446; p = 

0.3927 

F (2,46) =0.4804; 

p=0.6216 

miR-29b F (2,46) =2.329; 

p=0.1088 

F (1,46) =8.358; 

p=0.0058 

F (2,46) =2.051; 

p=0.1402 

HrSI F (2,46) =20.99; 

p<0.0001 

F (1,46) =0.5391; 

p=0.4665 

F (2,46) =2.398; 

p=0.122 

*Note: DFn= degrees of freedom numerator; DFd= degrees of freedom denominator (α=0.05), 

significant results are shown in bold. 
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Table A.2 One-way ANOVA F-statistics for histological analysis, collagen, and HrSI. 

*Note: DFn= degrees of freedom numerator; DFd= degrees of freedom denominator (α=0.05), 

significant results are shown in bold. 

  

 One-way ANOVA 

[F (DFn, DFd) = F-ratio, p-value] 

Measurement Season 

Epicardium thickness F (2,12) =1.502; p=0.2617 

Western blot collagen type I F (2,14) =3.970; p=0.0431 

GSI (male) F (2,30) =324.9; p<0.0001 

GSI (female) F (2,31) =158.1; p<0.0001 
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Figure A.1 Spring season histology collagen and epicardium measurements. 

Measurements of rainbow darter heart collagen (through picro-sirius red staining) and epicardium 

thickness from tissue sections during the spring season (May 29, 2023 sampling date) (n = 5). 

Collagen content was determined through relative red hue (hue range 221-256 (Rich & Whittaker, 

2005; Shaftoe et al., 2023)) compared to tissue area (50X magnification). Epicardium thickness 

determined by averaging six random epicardium measurements (Procopio et al., 2024) denoted by 

white lines (400X magnification). 
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Figure A.2 Summer season histology collagen and epicardium measurements. 

Measurements of rainbow darter heart collagen (through picro-sirius red staining) and epicardium 

thickness from tissue sections during the summer season (August 22, 2023 sampling date) (n = 6). 

Collagen content was determined through relative red hue (hue range 221-256 (Rich & Whittaker, 

2005; Shaftoe et al., 2023)) compared to tissue area (50X magnification). Epicardium thickness 

determined by averaging six random epicardium measurements (Procopio et al., 2024) denoted by 

white lines (400X magnification).  
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Figure A.3 Fall season histology collagen and epicardium measurements. 

Measurements of rainbow darter heart collagen (through picro-sirius red staining) and epicardium 

thickness from tissue sections during the fall season (October 31, 2023 sampling date) (n = 5). 

Collagen content was determined through relative red hue (hue range 221-256 (Rich & Whittaker, 

2005; Shaftoe et al., 2023)) compared to tissue area (50X magnification). Epicardium thickness 

determined by averaging six random epicardium measurements (Procopio et al., 2024) denoted by 

white lines (400X magnification). 
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Figure A.4 Alternate miR-29b expression graph depicting sexes separated. 

Gene expression of miR-29b shown with the sexes separated in each season to show the differences in 

variation in each group. Statistics are not shown but are the same as in Figure 2.10. Black bars 

represent mean ±SEM for each group. 
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Figure A.5 Western blot analysis of 

collagen type I. 

Western blots measuring collagen type I (150kDa) in the rainbow darter heart in spring (A; n = 6), 

summer (B; n = 5), and fall (C; n = 6). Numbers denote the sample in each lane. Sample #3 in 

summer was removed as it was determined to be an outlier through statistical testing (Grubbs test, G 

= 1.983, α = 0.05) and visual inspection of the blot shows a high degree of ‘noise’ around the band.  

A B 

C 


