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ABSTRACT
MOLECULAR REGULATION OF COLLAGEN DEPOSITION IN THE EXTRACELLULAR
MATRIX OF CULTURED VENTRICULAR FIBROBLASTS FROM RAINBOW TROUT,
ONCHORHYNCUS MYKISS
Rainbow trout remain active in temperate waters that annually fluctuate by ~16°C in
temperature. This is impressive as vertebrate cardiac function is highly sensitive to temperature
change. Trout are able to compensate for the detrimental effects of temperature on cardiac
function by remodeling both the active (muscle) and passive (extracellular matrix, ECM)
components of the myocardium. The extent to which rainbow trout are able to remodel cardiac
ECM is notable in comparison to other vertebrates such as mammals, as mammalian hearts have
a limited capacity to remove collagen from the heart. Therefore, rainbow trout may represent a
useful model to study ECM remodeling in the vertebrate heart. However, little is known about
the mechanisms that regulate this response in trout. The objective of this thesis was to investigate
the signaling factors and pathways involved in collagen type I deposition and removal in cardiac
fibroblasts, the cells responsible for producing ventricular collagen. The application of cytokine
transforming growth factor-beta 1 (TGF-β1) to cardiac fibroblasts induced collagen synthesis
and altered the expression of key genes involved in remodeling. Repetitive treatment of TGF-β1
caused the fibroblasts to differentiate into myofibroblasts. The trout myofibroblasts exhibited
increased gelatinase activity in response to TGF-β1, which may have played a role in the
decrease in collagen observed in myofibroblasts. It was then hypothesized that deformation of
cardiac fibroblasts could stimulate the pathways associated with remodeling. To test this
hypothesis, fibroblasts were stretched and the phosphorylation levels of mitogen activated
protein kinases (MAPKs) involved in remodeling were quantified. p38 and ERK1/2 MAPKs

were significantly phosphorylated in response to stretch. The final goal of this thesis was to
investigate the role of microRNA (miR) in collagen removal. This was achieved by transfecting
trout cardiac fibroblasts with miR-29b, a miR known to be involved in collagen regulation. miR29b transfection significantly decreased collagen type I protein. Associated with this response
was a decrease in the transcript levels of col1a3 isoform.
Together, the results of this thesis establish several key molecules and pathways involved
in trout cardiac remodeling, and also provide further evidence that these factors are highly
conserved between vertebrate species.
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1.0 INTRODUCTION
Temperature is one of the fundamental abiotic factors influencing life on earth, and has been
described as an “ecological master factor” due to its profound influence on physiological
processes (Brett, 1971). The rate of biochemical reactions within living organisms are dependent
upon the average kinetic energy of the molecules; therefore temperature influences cellular
processes which in turn alter organ function, overall body performance, and ultimately fitness of
the individual. The majority of animals on earth have evolved to function most efficiently within
a specific temperature range, and are constrained to a habitat or life history that adheres to this
range (Nelson et al., 1984; Smith, 1979). For example, most mammals typically maintain a core
body temperature between ~35-40°C, and if physiological temperatures decrease below this
range of function, the majority of physiological processes, including cardiac function, will be
impaired. In addition, the likelihood that an animal will die increases the longer the temperature
of its heart remains outside of the thermal optimum (Eshel et al., 1990; Osborn, 1953). The loss
of an animal’s physiological capability with decreasing temperature is due to a number of
factors, including a reduction in the rate of oxygen delivery to the tissues. However, there are a
number of animals that are able to remain functional at lower temperatures because of their
ability to adjust their physiological systems, so as to compensate for the biochemical challenges
caused by a change in temperature. One vertebrate that is able to remain active over a range of
environmental temperature is the rainbow trout, Oncorhynchus mykiss, a teleost fish. As an
ectotherm, the body temperature of this fish is the same as the environment, and trout living in
their native habitat can experience temperature fluctuations from 4°C in the winter, all the way
up to ~20°C in the summer (Klaiman et al., 2011). The fact that these animals remain active
throughout the year indicates that their heart remains functional over this temperature range. This
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ability is particularly impressive because of the effect of temperature on cardiac contraction.
When physiological temperature is acutely reduced, cardiac contractility decreases as the
sensitivity of the contractile unit for calcium (Ca2+) decreases (more information on muscle
contraction is available in section 1.1.2.1) (Gillis and Tibbits, 2002). However, cold acclimation
of trout causes an increase the Ca2+ sensitivity of force generation (Klaiman et al., 2014a). This
is thought to compensate for the effects of decreased temperature on myofilament function. In
addition, cold acclimation can cause hypertrophy of the ventricle, and an increase in collagen
deposition into the extracellular matrix (ECM) (Keen et al., 2017; Klaiman et al., 2011).
Conversely, warm acclimation of trout can cause atrophy of the ventricle and a decrease in
extracellular collagen (Klaiman et al., 2011). These alterations in muscle content and collagen
deposition lead to changes in the active and passive characteristics of the heart as demonstrated
by Keen et al. (2016) and Klaiman et al. (2014), respectively. Such changes are thought to be
required for allowing the trout heart to maintain function during seasonal changes in
environmental temperature. Since trout undergo annual cycles of temperature fluctuation, it is
thought that cardiac remodeling occurs on an annual cycle with hypertrophy and connective
tissue deposition occurring in the fall/winter, and atrophy and connective tissue removal in the
spring/summer.
The ability of the trout heart to deposit and then remove collagen is particularly
impressive because the removal of collagen in pathological fibrosis is not seen in mammals
(Wynn, 2007). As the cellular processes, and the regulation of these, responsible for controlling
collagen content in the heart are thought to be conserved across vertebrate groups, temperature
induced cardiac remodeling in trout may be an excellent model to better understand collagen
remodeling in the vertebrate heart. The goal of this thesis is to characterize the molecular
2

mechanisms that regulate collagen deposition and removal in the rainbow trout heart. To
accomplish this, the function and regulation of cultured trout cardiac fibroblasts, which are
the cells that are responsible for producing collagen in the ECM, were studied through
various experiments.

Overview of literature
Collagen in the ECM of the rainbow trout heart is regulated by cardiac fibroblasts and these cells
are controlled by biophysical and endocrine signals that regulate specific cellular pathways. The
goal of this thesis was to investigate the mechanisms involved in regulating the deposition and
removal of collagen from the trout heart. This literature review will provide a broad description
of the salmonid heart, and then focus on the composition of the heart and how this is regulated
by fibroblasts via their response to changes in specific biomechanical and cellular signalling
pathways. I will first provide a detailed description of cardiac fibroblasts and then describe the
cellular mechanisms that contribute to remodeling. With this foundation, the mechanisms by
which specific signaling factors and pathways, as well as physical forces and post-transcriptional
modifications, can alter the amount and type of collagen in the ECM by exerting influence on
fibroblasts will be discussed.
1.1 The salmonid heart

1.1.1 Anatomy, morphology and function

Recognizing the impact of myocardial remodeling on the function of the heart requires an
understanding of the connection between morphology and function; the foundations of which are
rooted in the anatomy of the heart. For this reason, an overview of the form and function of the
3

teleost heart will be provided, with specific attention on the salmonid heart. Like the heart of
most fish, the salmonid heart consists of a single atrium and ventricle that pumps blood through
the rest of the body. The blood circulation pattern in salmonids is such that deoxygenated blood
flows through the heart to the gills for oxygenation (Fig. 1A). The deoxygenated blood enters the
heart through the sinus venosus, flowing into the atrium, then into the ventricle during diastolic
filling, followed by ejection through the bulbous arteriosus and outflow tract to the gills (Fig.
1B) (Gamperl et al., 2017). Contraction of the single ventricle is responsible for generating the
force required to move blood around the body, and as a result, it is more muscular than the
atrium, with thicker walls (Gamperl et al., 2017). In trout, the ventricle has two distinct muscular
layers, the spongy myocardium and the compact myocardium. These designations are based on
the arrangement and morphology of the muscle cells that compose these structures. The
avascular spongy myocardium is trabecular in structure, meaning that it is comprised of many
rod-like myocytes and these are arranged into a network of fibrils resembling a sponge (Fig.2)
(Gamperl et al., 2017). The compact myocardium, oxygenated via a coronary circulation, is
composed of myocytes that are circumferentially arranged in a densely-packed layer encasing the
spongy myocardium (Fig. 3) (Gamperl et al., 2017). In rainbow trout, the compact myocardium
composes ~30-50% of the ventricle, with this value being affected by factors including age and
external environmental conditions such as temperature, levels of dissolved oxygen and the
presence of cardiotoxic compounds (Gamperl et al., 2017). The presence of a compact
myocardium is not ubiquitous among fishes, and it is thought to allow the heart to act as a
pressure pump, generating relatively high pressure and moving small volumes of blood rapidly
(Agnisola and Tota, 1994). For example, the tuna, regarded as one of the most athletic fish,
possesses one of the largest compact:spongy layer ratios recorded (Agnisola and Tota, 1994).
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Conversely, in less athletic fish, the cardiac ventricle is more sac-like with a lower
compact:spongy ratio, and comparatively greater filling volume and a reduced rate of
contraction. An example of this is seen in the Antarctic icefish, a species with a comparatively
low aerobic capacity and metabolic rate (Sidell and O'Brien, 2006). Interestingly, recent work
has demonstrated that the compact layer of the rainbow trout ventricle decreases in thickness
with cold acclimation, and increases in thickness with warm acclimation (Klaiman et al., 2011)
(Fig. 3). One possible explanation of this is that the cold acclimated heart performs as a volume
pump (large volume, low pressure) while the warm acclimated heart performs more as a pressure
pump (small volume, higher pressure). This suggestion is supported by work by Klaiman et al.,
(2014) that examined filling and ejection pressure in isolated, perfused cold and warm
acclimated hearts. These authors found that warm acclimation caused an increase in diastolic
(ventricular filling) pressure, and an increase in the thickness of the compacta (Klaiman et al.,
2014a). Thus, ventricular remodeling in rainbow trout in response to external environmental
temperature is likely one mechanism by which cardiac output is maintained during seasonal
changes in environmental temperatures.

1.1.2 Functional components of the heart

There are a number of permanent cell types in the heart that serve distinct roles, while working
together form and maintain a cohesive, functional organ. These cell types include myocytes,
fibroblasts, endothelial cells, vascular smooth muscle cells (in the compact layer vasculature) as
well as epicardial cells (Ruiz-Villalba et al., 2013; Souders et al., 2009). These cell types appear
in varying morphology and population number in relation to each other in order to fulfill the
greater need of whole-organ function (Fig. 4). The following section will provide a basic review
5

for each of these cell types, and will also make connections between individual cellular functions
and the overall regulation of the heart.
1.1.2.1 Myocytes and cardiac contraction

Myocytes arise from myoblasts during development and are a permanent, innervated cell type
that has limited regenerative potential (Hasan, 2013; Oyama et al., 2013). Cardiac myocytes are
specific to the heart and form the basic muscle unit of the myocardium. Cardiac myocytes from
fish are relatively thin and narrow in cross sections, when compared to those from mammals
(Gamperl et al., 2017). These cells contribute the bulk of volume to the heart and are made up of
bundles of myofibrils, which contain sarcomeres (Ruiz-Villalba et al., 2013) (Fig. 5a).
Sarcomeres are the contractile unit of the muscle cell and contain the actin thin filaments and the
myosin thick filaments which bind to each other and facilitate a protein conformational change
that results in contraction. Actin and myosin occur in an alternating pattern in the sarcomere, and
are unbound at rest, i.e. the muscle is not contracting (Fig. 5a). The myosin head is in a primed
position for contraction when it is bound to adenine diphosphate (ADP) and a phosphate group
(Pi). Immediately before muscle contraction, the primed myosin head binds to its binding site on
actin. This binding site is usually covered by tropomyosin, a protein that contains the troponin
complex. Myocyte contraction is initiated when Ca2+ ions from the sarcoplasmic reticulum are
released in response to nervous stimulation. Ca2+ binds to troponin C in the troponin complex,
initiating a conformational change of inhibitory troponin I. Tropomyosin then undergoes a
conformational change, to reveal a myosin binding site on actin. The binding of the myosin head
to this site results in the formation of a cross bridge. When this occurs, the release of the Pi from
the myosin causes the myosin head to pull actin away from the z-disc and towards the m-line,
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resulting in the generation of force and the contraction of the myofilament (summarized in Fig.
5b). In the ventricle, this process can be observed macroscopically as a constriction of the tissue.
Because muscle contraction relies on electrical activity via ion flow, myocytes need to be
anchored in an orientation that will facilitate the coordinated motion of contractility, and promote
signaling with the electrical and chemical factors that are transferred between these cells
(Bowers et al., 2010). This anchor and resultant stability is created by the extracellular matrix
found around myocytes and will be discussed in further detail in section 1.3
1.1.2.2 Endothelial, endocardial and vascular smooth muscle cells and the modulation of the
cardiovascular system

The cell types that will be discussed in this section are responsible for regulating and maintaining
blood flow within the cardiovascular system. This discussion is relevant to this thesis because it
is hypothesized that a change in blood rheology may help trigger cardiac remodeling of the trout
heart during thermal acclimation. While the endocardial cells (also called cardiac endothelial
cells) are the relevant cell type for this particular hypothesis, the vascular endothelial cells should
be included in this discussion as they share some functional features (Brutsaert et al., 1998).
Endothelial cells form a homogenous lining along the inside wall of blood vessels, where each
cell is directly connected to the next through cellular junctions (junctions are discussed in more
detail in section 1.3.6.4)(Lampugnani, 2012) (Fig. 6). Endothelial cells respond to changes in
blood flow by mechanically sensing altered hemodynamic forces, and relaying this signal via
production of regulatory molecules involved in vasoconstriction, vasodilation, angiogenesis and
other atheroprotective functions (Sandoo et al., 2010). The ability to turn physical cues into
cellular signals is known as mechanotransduction, and is discussed in more detail in section
7

1.5.4, in the context of remodeling. In the case of vasodilation regulatory mechanisms, greater
shear stress, as a result of greater blood flow pressure, increases intracellular Ca2+ levels in an
endothelial cell (Devika and Jaffar Ali, 2013; Sandoo et al., 2010). This leads to the release of
endothelial nitric oxide synthase 3 (eNOS) from the caveolae where it is stored in an inactive
form (Devika and Jaffar Ali, 2013; Sandoo et al., 2010). eNOS catalyzes the reaction by which
nitrogen atoms from the amino acid L-arginine combine with O2, to form nitric oxide (NO). An
increase in NO causes the vascular smooth muscle cells (VSMCs), located beneath endothelial
cells to relax, resulting in vasodilation as well as angiogenesis (Devika and Jaffar Ali, 2013;
Sandoo et al., 2010). Endothelial cells can also release NO in response to Ca2+-independent
signals, such as vascular endothelial growth factor (VEGF). VEGF is produced in response to
low oxygen levels, which triggers division of endothelial cells, resulting in the de novo synthesis
of capillaries and eventually increased vascularization of the target tissue via endothelial cell
mitosis (Hoeben et al., 2004). Endothelial cells are one cell type that has the ability to proliferate,
despite being fully differentiated. This ability allows endothelial cells to create new capillaries in
response to low oxygen, or during development (Wang et al., 2015). The process of growing new
capillaries from established blood vessels is known as angiogenesis, and is an important factor
during cardiac remodeling and regeneration as an increase in muscle size results in an increase in
oxygen demand (Oka et al., 2014).
Endocardial cells are situated in the inner lumen of the heart and perform a similar role
as endothelial cells in that they sense and respond to the internal blood flow conditions of the
heart; however, they do not have the same proliferative capacity as endothelial cells.
Furthermore, endocardial cells have a different developmental lineage, as they are derived from
the mesoderm germ layer and share a common precursor with cells of the myocardium (Misfeldt
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et al., 2009). While endothelial cells are mainly subjected to laminar flow, endocardial cells are
exposed to unique biophysical forces such as stretch and pressure changes during diastole and
systole, and altered blood viscosity adds another layer of complexity to these mechanical factors
(Haack and Abdelilah-Seyfried, 2016). Endocardial cells directly modulate cardiac function by
releasing autocrine or paracrine signals including endocardial-derived relaxation factor (EDRF)
which promotes relaxation of the muscle cells in the underlying myocardium, as well as other
regulatory molecules such as angiotensin II (ANGII), NO, and prostaglandins (Schulz et al.,
1991; Smiljic, 2017). Autocrine signaling involves the release of a signaling molecule by a cell,
that recirculates to act on the same cell, whereas paracrine signals act on a nearby cell and not
the originating cell. The importance of the endocardium in regulating contraction is evident in
the hearts where endocardium damage is present, and function is dysregulated (Smiljic, 2017).
Without the necessary signals from the endocardium, myocytes are not able to sense and respond
to the demands of the circulatory system. Endocardial cells are also important during
development, as fate mapping studies have shown that this cell type is responsible for forming
coronary blood vasculature, which is present in the compact myocardium of fish (Zhang et al.,
2018).
Vascular smooth muscle cells form the muscular component of blood vessels, and
respond to the endocrine signals released by the endothelium by either contracting or relaxing.
Contraction of the VSMCs results in vasoconstriction and increased blood pressure, whereas
relaxation decreases blood pressure. VSMCs have an important relationship with fibroblasts by
sensing and responding to the fibroblast-created ECM. ECM biochemistry can affect the
behaviour of VMSCs, leading to changes in vascular stiffness (Sazonova et al., 2015).
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1.1.2.3 Epicardial cells and regenerative capacity
Epicardial cells attach to one another to form a continuous membrane known as the epicardium
which is a type of epithelial layer situated between the pericardium and myocardium (Fig. 6)
(Ruiz-Villalba et al., 2013). The epicardium has been shown to undergo epithelial-tomesenchymal transition (EMT), which is a source of new fibroblast cells in vivo (Zeisberg and
Kalluri, 2010). EMT is a process whereby epithelial cells undergo specific biochemical
alterations that allow them to function as a mesenchymal cell, and then migrate away from the
basal lamina (Kalluri and Weinberg, 2009). EMT is also a possible source of cardiac myocyte
progenitor cells, which is a cell type that can differentiate into multiple cardiac cell types
(Germani et al., 2015). This phenomenon is demonstrated in the regenerating zebrafish
myocardium, where injury induces the expression of T-box transcription factor 18 (tbx18) as
well as retinaldehyde dehydrogenase (raldh2) in the epicardium (Major and Poss, 2007; Masters
and Riley, 2014). tbx18 is involved in control of myocyte gene expression, and raldh2 is
involved in directing cardiac development, and both of these factors are expressed in the
embryonic heart, indicating that zebrafish are able to re-activate the embryonic pathway during
heart regeneration (Major and Poss, 2007; Masters and Riley, 2014). These signals are later
noted in the muscular portion of the myocardium, indicating that heart regeneration involves
signaling from the epicardium (Major and Poss, 2007; Masters and Riley, 2014). The reason for
discussing zebrafish heart regeneration here is because some of the signals involved in this
process are relevant to ECM remodeling in the vertebrate heart. For example, genes in the
zebrafish heart that we have identified as involved in temperature induced cardiac remodelling
(Johnson et al., 2014a) also play a role in regeneration of the zebrafish heart (Gamba et al., 2017;
Hofsteen et al., 2013). It is now hypothesized that fish hearts that seasonally remodel also have
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the capacity to regenerate (Gillis and Johnston 2017). These connections will be discussed in
section 1.3.8 (role of fibroblasts in remodeling and regeneration).
1.1.2.4 Brief overview of the fibroblasts and the extracellular scaffold

Myocytes make up the bulk of the myocardium and are often the focus of studies examining
cardiac contractile function. However, the interstitial area occupied by non-myocyte cells has an
important role in supporting the contractile function of the muscular components of the heart.
The establishment of myocyte orientation and stability is achieved by the extracellular matrix,
which is produced by fibroblast cells. Compared to myocytes, less is known about the cardiac
fibroblasts of fish, but these cells are nonetheless important as they respond to the physiological
demands on the heart by adjusting the structure and composition of the ECM based on myocyte
activity and requirements. In the ventricle, the ECM provides both elastic and tensile forces to
withstand the distension experienced during filling, as well as the elasticity that returns the tissue
to the original form to enable diastolic filling (Spinale et al., 2016). The orientation of the
myocytes is another critical factor in overall heart function as mentioned in section 1.1.2.1.
Dysregulation of the extracellular matrix can lead to misalignment of the myocytes, and this a
major contributor to the functional decline that occurs in cardiac disease (Baudino et al., 2006;
Curtis and Russell, 2011; Kwak, 2013). Interestingly, in the mammalian heart, exercised induced
cardiac hypertrophy does not induce fibrosis, whereas pathological hypertrophy, i.e. the postinfarct remodeling response, does include ECM deposition (Kehat and Molkentin, 2010). This is
in contrast to the trout heart, where ECM deposition during temperature induced cardiac
remodeling is thought to be a physiological response to the imposed demands of cold
acclimation. Therefore it is possible that what is considered pathological in mammals may
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actually be physiological in teleosts. Since fibroblasts are the focus of this thesis, the cellular
biology of cardiac fibroblasts will be discussed in detail in section 1.3.
1.1.2.5 Transient cell types in the heart
Some cell types that appear in the vertebrate heart do not play a structural role directly, however
their temporary presence is important in various other regulatory factors. These transient cell
types that migrate into the heart may be involved in the immune response as well as maintaining
integrity through the removal of dying cells thereby facilitating normal function, as is the main
role of macrophages (Ma et al., 2018). Interestingly, many immune cells that normally are either
absent or play a cardioprotective role have been implicated in the progression of cardiovascular
disease. For instance, neutrophils play an important role in fighting infections, and appear in the
injured myocardium where they are one of the first cells in the damaged site (Gaul et al., 2017).
However, some downstream activity as a result of neutrophil activation (e.g. ROS handling) can
lead to the onset of MI by facilitating blockages (Gaul et al., 2017). Another transient cell type
associated with disease is T cells, which play a role in pathological remodeling in the ischemic
heart when they demonstrate activation (Bansal et al., 2017). RBCs may also be considered a
transient cell type in the heart, and may have an interesting role in the trout heart as teleost RBCs
are nucleated, and therefore have transcriptional activity. There is evidence suggesting nucleated
RBCs can mount an immune response against both viruses and non-viral pathogens (Nombela
and Ortega-Villaizan, 2018). Since there is evidence linking the immune response and cardiac
remodeling, examining how transcriptional activity changes in RBCs in response to thermal
acclimation may yield more insight into the remodeling response in the trout heart. In summary,
the cells that enter and exit the myocardium play an important role in maintaining tissue integrity
and may play a role in remodeling of the ECM. While they were not directly investigated in this
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thesis, they represent a future avenue of research for determining their role in collagen turnover
within trout cardiac fibroblasts.
1.2 Physiological stressors and cardiac remodeling

A physiological stressor is any intrinsic or extrinsic stimuli that causes physiological conditions
to shift from homeostatic conditions (Tsigos et al., 2000). For the sake of simplicity, the response
of the heart to a physiological stressor will be categorized into either a short-term or long-term
response. The short-term (acute) responses that will be discussed are post-translational
adjustments to regulatory mechanisms, whereas the long-term (chronic) responses involve some
kind of remodeling, induced by changes in gene expression, which is more relevant to this thesis.
While a change in temperature is the stressor that triggers the cardiac remodeling response that is
being investigated, other stressors can result in remodeling of the teleost heart. The pathways that
were investigated in this thesis are also relevant to the remodeling response caused by other
stressors as discussed below. That is, some of the cellular mechanisms that were found to be
involved in collagen remodeling in the context of thermal acclimation may also play a role in
cardiac collagen remodeling as a result of other stressors. Trout live in environments where it is
reasonable to expect changes in water temperature, pH, and dissolved oxygen, as well as the
presence of anthropogenic pollutants. Furthermore, these factors can change in parallel, which
speaks to the complexity of the factors that could cause a short term change in cardiac function
and/or trigger cardiac remodeling in this species. For example, a short-term reduction in
dissolved oxygen causes a decrease in heart rate, an increase in stroke volume as well as an
increase in gill ventilation rate in salmonids (Boutilier et al., 1988). These changes are thought to
maintain adequate oxygen delivery to tissue (Boutilier et al., 1988). While the effects of long13

term hypoxia on cardiac remodeling have yet to be determined in trout, it has been shown that
cichlids undergo cardiac hypertrophy in response to low (10%) dissolved oxygen for 3 weeks
(Marques et al., 2008). It has been suggested that hypoxia could cause anaemia in trout, and
chemically-induced long-term anaemia has been shown to result in enlargement of the trout
ventricle (Simonot and Farrell, 2007). Simonot and Farrell (2007) have suggested that cardiac
hypertrophy induced by cold acclimation is triggered by an increase in mechanical stretch of the
heart caused by an increase in filling volume. Further details of the relationship between
mechanical factors and remodeling cues are discussed in section 1.4.4. Thus, it is possible that
similar cellular mechanisms are responsible for cardiac remodeling in fish caused by different
environmental stressors.
1.2.1 Pathological stress and mammalian cardiac fibrosis

While aerobic exercise influences cardiac remodeling of the mammalian heart positively, disease
conditions result in pathological remodeling that can cause further dysregulation. For instance,
myocardial infarction as a result of ischemia results in the death of cells within a region of the
myocardium (Bujak and Frangogiannis 2007). The necrosed tissue is considered a wound, and is
replaced by a scar (Bujak and Frangogiannis, 2007). Remaining cardiomyoctes compensate for
the loss of tissue by undergoing hypertrophy; however this cell growth is associated with
increased mechanical force on the heart and induces interstitial fibrosis (Bujak and
Frangogiannis, 2007). Hypertension is another type of force that can act as a pathological
stressor and result in fibrosis and/or a dilated or congestive hypertrophic heart (Lijnen et al.,
2003).
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1.3 The role of the ECM

The ECM is the non-cellular component of biological tissues, providing a physical scaffold that
supports cells within an organ (Frantz et al., 2010). All ECMs have the same fundamental
components of protein, water and polysaccharides, but the specific composition of the ECM is
unique to each organ or tissue (Frantz et al., 2010). Despite the ECM being non-cellular, it is not
inert; all cells form a connection with the ECM, which provides input cues in the form of
biomechanical and chemical signals (Hynes, 2009). The ECM communicates reciprocally with
adjacent cells in that biomechanical information from cells attached to a specific point can be
relayed to other parts of the tissue (Frantz et al., 2010). Through this function, the ECM also
provides a conduit for cell-cell communication. As a result, the ECM plays a significant role in
determining cellular differentiation, as well as cell survival, cell polarity, and influences cellular
migration and proliferation (Hynes, 2009).

1.3.1 ECM components

This section will focus on the components of the ECM including fibroblasts and the proteins that
are created by this cell type, with particular focus on collagen type I, the most abundant
extracellular protein in the heart. The factors involved in controlling the amount or type of
collagen produced by the fibroblasts will also be discussed, in the context of the resulting ECM
associated with such changes.
1.3.1.1 Collagen structure
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How collagen types are named (i.e. I, II, IV etc.) is directly related to the order in which the
individuals molecules were discovered (Boot-Handford and Tuckwell, 2003). Collagen is the
most prominent type of protein in all animals, with 25-30% of total protein mass being
comprised of collagen, and is one of the most highly conserved proteins in the animal kingdom
(Boot-Handford and Tuckwell, 2003; Shoulders and Raines, 2009). Collagen type I, specifically,
is a fibrillar collagen that makes up almost 90% of total collagen in an animal (Di Lullo et al.,
2002; Silvipriya et al., 2015). The abundance of collagen type I is reflective of its importance,
and is why this thesis is focused on this collagen type. What makes collagen type I fibrillar is the
structure, that being long fibres that are composed of many smaller protein fibrils that are wound
around each other (Fig. 7). The collagen type I molecule is a triple helix composed of three
peptide strands (Boot-Handford and Tuckwell, 2003). The amino acid sequence of each peptide
strand follows the general pattern of Gly-X-Y, where X is usually proline, and Y is
hydroxyproline (Boot-Handford and Tuckwell, 2003). Each peptide strand is encoded by
separate mRNA sequences. In fish, these sequences are produced by the collagen type I alpha I,
2 and 3 isoforms (col1a1, col1a2, col1a3). The col1a3 gene is unique to fish, whereas in
mammals, collagen is made by two COL1A1 strands and one COL1A2 strand (Poschl et al.,
1988). Trout and mammalian collagen type I proteins are 77% conserved. Collagen fibrils are
formed when many helices wind together in a long strand. The quantity and structure of the
fibrils, as well as the degree of mineralization dictates what type of ECM the collagen fibrils will
create. For example, bone tissue is composed of highly mineralized collagen, and tendon is
highly structured collagen (Tomoaia and Pasca, 2015). Collagen in the heart is dense and
irregular in comparison (Fan et al., 2012).
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1.3.1.2 Other ECM components

While insoluble collagen fibrils make up the bulk of the ECM, there are other molecules present
within the network that add to the structural stability of the ECM and play a role in cell
communication. One important component of the ECM are the adhesion molecules, including
proteoglycans. Fibronectin is one type of proteoglycan that is secreted by fibroblasts as well as
macrophages (white blood cells) and endothelial cells, and binds to collagen and integrins and
several other important biologically active molecules (Ma et al., 2012; Pankov and Yamada,
2002). Fibronectin has an important role in development, and facilitates a number of cellular
processes including growth, differentiation, adhesion and migration (Pankov and Yamada, 2002).
Laminin, another ECM protein that aids in structural support, is mainly found in the basal lamina
of tissue, and has been found to stimulate cell adhesion activity (Aumailley and Smyth, 1998).
Matricellular proteins are another type of protein found in the ECM, and are non-structural, but
play supportive roles by interacting with cell receptors, biologically active molecules such as
enzymes and hormones, and with the collagen scaffold (Bornstein, 2009). While these proteins
were not examined in this thesis, their roles are important and deserve consideration in the
context of how they may change in structure, function and quantity in response to cytokine
treatment or mechanical stimulation. This is discussed in more detail in the general discussion as
it represents a potential future area of research.
In summary, the trout cardiac ECM is primarily composed of structural collagen type I
fibrils, encoded by three separate mRNA isoforms, and are produced and assembled by fibroblast
cells. The ECM also houses several other types of proteins, in smaller quantities, that play a role
in cell-cell communication, cell regulation and structural support. While this thesis only
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investigated the role of collagen type I, it is important to note that there are other non-cellular
ECM components that are involved in ECM remodeling.

1.3.2 General overview of fibroblasts in vivo and in vitro

Fibroblasts belong to the larger family of extracellular protein-secreting connective-tissue cells
that also includes bone and cartilage cells, and serve to create extracellular matrices specific to
the requirements of the organ or tissue with which they are associated (Frantz et al., 2010; Ross,
1975). In terms of cell number, there are more fibroblasts and other cardiac interstitial cells
(CICs) than myocytes in the myocardium (Ruiz-Villalba et al., 2013). Fibroblasts make up
approximately two-thirds of the total myocardial cell population, and among the CICs,
fibroblasts are the predominant cell type (Chang et al., 2016). This large contribution indicates
the significance of this cell in determining the composition of the interstitial region (Chen and
Frangogiannis, 2013). However, due to their relatively small size in comparison to myocytes,
fibroblasts comprise approximately one-third of the total heart volume (Chang et al., 2016).

1.3.3 Fibroblast morphology

An early (1927) description of the in vivo fibroblast by A. Maximow noted fibroblasts as being
large and irregularly shaped, with a smooth membrane, with the majority of the cytoplasm being
located around the nucleus and the rest of the cell tapering into various processes (Fig. 8) (Movat
and Fernando, 1962). Depending on which state the cell is in, these cells are typically seen in one
of two morphologies. If the fibroblast in the process of division it has a round morphology but if
it is not proliferating, it has a more elongated form (Movat and Fernando, 1962).

1.3.4 In vitro fibroblast culture
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In culture, fibroblasts are spindle-shaped with multiple processes emanating from the
main cell body (Souders et al., 2009) (Fig. 8). Cultured fibroblasts can only grow and divide
when they are adhered to the substrate on which they are cultured (Kirkwood and Holliday,
1975). When the culture population reaches a point where the entire substrate surface is covered
by a single layer of cells, referred to as a monolayer, further division is inhibited by a
phenomenon known as contact inhibition (Kirkwood and Holliday, 1975). To ensure that the
necessary nutrients and buffering capacities required for cell culture growth are present in the
medium. A common culture medium for growing fish cells is Leibovitz’s L-15, which allows
cell growth without the use of sodium bicarbonate/carbon dioxide (CO2) buffering (Fryer et al.,
1994). Free amino acids, phosphate buffers, galactose and sodium pyruvate, along with gaseous
exchange with the culture dish microenvironment allow an alternative method of pH buffering.
Any additional supplements, such as fetal bovine serum (FBS) and antimicrobial factors can be
added to the L-15. FBS is necessary for the growth and division of a number of cell types,
including fibroblasts. FBS-dependent cells will become arrested in the G0 stage (Fig. 9) in the
absence of FBS (Dalman et al., 2010; Hayes et al., 2005; Kues et al., 2000). While this is
detrimental for culture proliferation, removal of FBS is one way by which experimental
procedures can be controlled whereby temporary omission of FBS results in a coordinated
response to a treatment, when both the treatment as well as FBS are re-/introduced to the culture.
This has been demonstrated using rainbow trout fibroblasts (Lee et al., 1988).
The following section will provide an overview of the cell biology of fibroblasts, as well
as review the cellular pathways by which the form and function of this cell type can be
manipulated. It is important to note that most of the information in this literature review is based
on mammalian studies, due to the dearth of relevant work completed on fish cell lines.
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1.3.5 Fibroblast origin, life cycle and function

During embryonic development, fibroblasts arise from mesenchymal tissue, derived from the
mesodermal germ layer, which develops into connective and skeletal tissue as well as blood and
lymph (Souders et al., 2009). A common marker of mesenchyme-derived cells is the protein
vimentin; however endothelial cells are also of mesenchymal origin, and express vimentin.
Endothelial cells also express platelet endothelial cell adhesion molecule-1 (PECAM-1), known
as cluster of differentiation-31 (CD-31), which fibroblasts do not. A negative result following the
use of an antibody for this protein can be used to validate fibroblast cultures. This approach was
used in the work described in chapter 2.0 as part of the fibroblast validation procedure. In the
adult heart, fibroblast turnover is typically low, and new fibroblast cells arise from endogenous
populations or from EMT (Souders et al., 2009). However, in culture, a fibroblast population can
be passaged, i.e. divided and doubled in population, up to 40 times before reaching senescence
(Kirkwood and Holliday, 1975; Shay and Wright, 2000). The main function of fibroblasts is to
produce the structural ECM of all tissues and organs, which is primarily made up of collagen,
particularly collagen type I as discussed in section 1.3.1.1.

1.3.6 Fibroblast functional components

Fibroblasts are similar to most other somatic cells in their surface receptors, cytoplasmic
components, and the signaling pathways that are activated in response to such receptors.
However, there are specific cytoskeletal infrastructures, as well as protein secretions, associated
with this cell type that differentiates it from other cells of similar origin and/or location. The
following sections will discuss the general cellular components that are of importance to this
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thesis, and the specific functions of these will be addressed in the context of their roles in cardiac
fibroblasts and collagen regulation.
1.3.6.1 Membrane proteins
All cell membranes contain proteins embedded within the phospholipid bilayer, and these play
various roles including responding to external signals in the form of molecular or physical cues.
For example, some membrane proteins allow the flow of ions such as Ca2+ sodium (Na2+),
chloride (Cl-) and potassium (K+), but only when they are activated by the binding of a ligand,
which is a type of cell signaling factor. There are also various types of membrane proteins that
perform different and overlapping functions. For example, tyrosine kinase receptor (TKR) binds
a variety of growth factors, and can also be activated by mechanical signals as discussed in
section 1.4.4 (Chen et al., 1999; Du and Lovly, 2018). Peripheral membrane proteins are
anchored to either the inside or outside of the lipid bilayer, whereas proteins that are fully
embedded throughout the membrane are known as integral membrane proteins and have a
biologically active region both inside and outside of the cell. Most of the signal receptor proteins
involved in the mechanisms studied in this thesis are transmembrane protein receptors. This
includes the transforming growth factor beta-1 (TGF-β1) receptor, discussed in chapter 1.4.2 as
well as the receptors hypothesized to play a role in the stretch-induced MAPK response in
chapter 1.4.4. Another important type of transmembrane protein that are involved in the
mechanotransduction discussed in chapter 1.4.4 are integrins. These proteins were not explicitly
investigated or isolated in the experiments outlined in chapter 4; however, they are wellestablished as important mediators of extracellular cues due to their role in facilitating
extracellular adhesion, binding ligands, and relaying mechanical signals into cells (Humphries et
al., 2006; Ross et al., 2013). Thus, they likely were involved in many of the processes examined
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in all the experiments in this thesis, and future work could investigate changes in integrin
quantity and location after stretch or differentiation. Integrins are a heterodimeric protein
consisting of two distinctly different alpha and beta subunits that are non-covalently linked
(Humphries et al., 2006). Integrins receive extracellular signals and transduce them through
intracellular pathways to control various processes including cell cycle regulation, cytoskeletal
arrangement, and receptor aggregation (Giancotti, 1997; Howe et al., 1998; Yamada and
Miyamoto, 1995). Of particular relevance to this thesis is the role of integrins in sensing and
responding to mechanical cues from the ECM into the cell. Integrin subunits are associated with
intracellular FAK, the phosphorylation of which is thought to be necessary for ERK and p38
signaling (Katsumi et al., 2004). The phosphorylation levels of these MAPKs in response to
stretch were investigated in chapter 4.

1.3.6.2 Intracellular signaling through the cytoplasm
Important to the regulation of the ventricular ECM are the small molecules associated with
signaling cascades within the cytoplasm of the cell. While these mechanisms are not unique to
fibroblasts, the downstream consequences of these cascades, such as altered gene expression,
result in fibroblast-driven changes to the ECM. A massive communication network occurs within
a fibroblast, with many components linked to the extracellular matrix, so as to respond to the
changes in the biomechanical forces on the heart (Robinson and Cobb, 1997). One way by which
signals are communicated from cell surface receptors to the nucleus, or between one intracellular
signaling cascade to the next, is through the action of phosphorylation events catalyzed by
protein kinases. Protein kinases transfer a high-energy phosphate group from an ATP molecule
to the hydroxyl group on an amino acid within the receiving peptide (Huse and Kuriyan, 2002;
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Karin and Hunter, 1995; Stock et al., 1989). Target residues for phosphorylation are typically
serine, threonine, tyrosine, or histidine (Huse and Kuriyan, 2002; Karin and Hunter, 1995; Stock
et al., 1989). Protein kinases are in either an “on” conformation, or an “off” conformation, with
the confirmation change occurring in response to various cues in the cell including the activation
of an intracellular cascade that results in its phosphorylation, or external signaling processes
(Huse and Kuriyan, 2002). When a kinase phosphorylates its target, the targeted protein will
undergo its own conformational change that affects its activity, location or association with other
proteins (Pawson and Scott, 2005). Mitogen activated protein kinases (MAPKs), also referred to
as extracellular regulated kinases (ERKs) are one of the most prominent signaling pathways
utilized by cells, and are linked to cell surface receptors (Gutkind, 1998; Robinson and Cobb,
1997). These intracellular molecules are initially activated in response to an extracellular cue that
induces mitogenic activity, i.e. cell cycle regulation. Activation of MAPK pathways allow a
signal to be transduced, i.e. communicated, into the nucleus through a series of phosphorylation
events that ultimately result in conformational changes to transcription factors located on genes,
leading to altered gene and protein expression (summarized in Fig. 10). In fibroblasts, altered
protein expression often involves changes to the amount or type of collagen being produced.
Another type of altered protein expression that can occur in response to MAPK signaling is the
release of paracrine and autocrine signaling factors such as cytokines and growth factors
including TGF-β1 and bFGF. Furthermore, MAPKs can be activated by a variety of cues. For
instance, the binding of a ligand to a transmembrane protein can induce kinase phosphorylation
through a G protein coupled receptor (GPCR) or tyrosine kinase receptor (TKR) on the surface
of a cell. The signal between the membrane protein and MAPK activation is mediated by the
activity of smaller proteins including protein kinase C (PKC), and the guanine nucleotide23

binding proteins (GTPases) Ras and Rac (Gutkind, 1998). MAPK pathways can also be
stimulated by changes in the concentration of intracellular ions, such as Ca2+(Cullen and
Lockyer, 2002). Ca2+ enters the cell through transmembrane channels which are activated in
response to different stimuli including membrane potential, protein phosphorylation or
mechanical cues as discussed in section 1.4.4. While there are a multitude of intracellular
signaling cascades involved in regulating cellular processes, the MAPK pathway is the main
cascade of interest for this thesis as it has been shown to be involved in ECM remodeling.
1.3.6.3 Cell motility and extracellular signaling through the cytoskeleton
There are multiple cell types that move around in their environment to fulfill their functional
roles. For example, migration is important for endothelial cells during the process of
angiogenesis (van Horssen et al., 2006). Cell motility is one of the important functions required
for fibroblasts to fulfill the role of collagen synthesis following an injury. During the process of
wound healing, fibroblasts migrate through three-dimensional environments to the site of injured
tissue to synthesize collagen and create a scar (Petrie and Yamada, 2015). Motility is also
required for fibroblasts to degrade, repair, or remodel the extracellular matrix of a functioning
tissue so as to maintain the integrity of the tissue over time (Tschumperlin, 2013). Fibroblast
motility occurs with the protrusion of a cellular process, followed by adhesion to the substrate,
re-adjustment of cellular components and then cellular retraction away from the previous
adhesion (Fig. 11). Motility and resulting cellular migration is facilitated by the conformational
changes of a number of proteins. One important process involved in cellular motility is the
polymerization of actin, which is the main cytoskeletal constituent of almost all eukaryotic cells
(Dalle-Donne et al., 2001). One actin filament is made up of globular actin (G-actin) monomers,
which become polymerized into a strand called filamentous actin (F-actin) (Bearer, 1993).
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Motility via actin polymerization is enabled by the basic structure of G-actin, which contains a
region where ATP can bind. An ATP-bound G-actin monomer preferentially binds to the barbed
end of F-actin, which simultaneously releases monomers at the opposite pointed end of the
filament. This process is known as treadmilling, and drives cell motility (Mogilner and Oster,
1996). As previously mentioned, another important part of cellular migration involves the
adherence of the protruding end. This is mainly facilitated by focal adhesion kinase (FAK). FAK
is a tyrosine kinase that is located in the cytoplasm, and plays a role in mediating signal
transductions from cell surface receptors, most notably integrins, which play a key role in the
formation of adhesion fibres utilized in integrin-dependent motility (integrins are discussed in
section 1.3.6.1) (Zhao and Guan, 2011). Motility can be influenced by various cues, such as
basic fibroblast growth factor (bFGF), as it increases FAK activation and promotes migration in
fibroblasts (Shi et al., 2015). Motility can also be affected by differentiation in response to
growth factors as discussed in section 1.4.2, as this is one mechanism by which the number of
focal adhesions, and thus stability, is increased (Santiago et al., 2010). Cell motility was not
examined specifically in this thesis, but represents an important avenue for future research as the
signaling factors that were found to have an effect on trout cardiac fibroblasts in chapters 2 and 3
are also involved in cell migration.
1.3.6.4 Intercellular junctions of fibroblast cells
An intercellular junction is a connection that occurs between cells and serves to promote both
tissue integrity and homeostasis. Intercellular junctions are an important means by which direct
cell-cell communication can occur through the flow of molecules and ions through linkage
channels, or by the activity of proteins located in the space between cells. In vertebrates, there
are three main types of intercellular junctions, these are: gap junctions, tight junctions and
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adherens junctions. Gap junctions facilitate communication between cells, are made up of
membrane channels that directly connect the cytoplasm of each cell, and are facilitated by
connexin proteins (Trovato-Salinaro et al., 2006). Tight junctions are associated with epithelial
cells, and are created by the adherence of cytoplasmic proteins from each cell in the junction.
This type of connection facilitates selective movement of solutes across the epithelium by
creating an occlusive layer (Anderson and Van Itallie, 2009). Adherens junctions involves the
anchoring of intercellular proteins to the actin cytoskeleton. Both adherens and gap junctions
have been shown to play an active role in fibroblast cell membranes in various studies
(Thompson et al., 2014; Vasquez et al., 2011). However, fibroblasts appear to lack tight
junctions (Tsukita et al., 1999). The role of intercellular junctions can change in response to
cardiac remodeling. For instance, Zhang et al. (2010) found that fibroblasts in the infarcted
myocardium demonstrate an increase in connexin 43(Cx43) proteins, which is a gap junction
protein important in regulating cell-cell communication (Zhang et al., 2010). These authors also
found that adding exogenous TGF-β to normal cardiac fibroblast cultures caused an increase in
Cx43 protein levels (Zhang et al., 2010). This would suggest that ECM remodeling would
influence the transfer of molecules and ions between cells, likely causing changes in intracellular
signaling cascades.

1.3.7 Fibroblast transformations

Recent studies suggests that fibroblasts share many features with mesenchymal stem cells, and
may be able to differentiate into epithelial cells (Chang et al., 2014). Furthermore, there is also
evidence that fibroblasts can differentiate into adipocytes and monocytes, making them one of
the most dynamic cell types (Eyden, 2004). One key transformation that is important in cardiac
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remodeling involves the differentiation of a fibroblast into a myofibroblast. Myofibroblasts are
considered to be an intermediate cell type between myocytes and fibroblasts as they can secrete
collagen, and also contain alpha-smooth muscle actin (α-SMA) in their cytoskeleton (Lighthouse
and Small, 2016). The presence of α-SMA allows myofibroblast to contract. This contractile
ability is not regulated in the same manner as in myocytes, but it facilitates wound healing by
helping to bring the edges of the live tissue closer together before forming a scar (Darby et al.,
2014). The presence of myofibroblasts in cardiac tissue is typically indicative of a pathological
condition, such as during scar formation of a myocardial infarction as well as in the post-infarct
hypertrophied left ventricle of human patients (Turner and Porter, 2012). It is well-established
that TGF-β1 is the main driving force of myofibroblast differentiation through small mothers
against decapentaplegic 2 (SMAD2) pathway in mammals (Nyati, 2012). Little is known about
the role of myofibroblasts in the fish heart, but recent work suggests that they play an important
role during zebrafish heart regeneration (Gonzalez-Rosa et al., 2011). It has not been determined
how myofibroblasts arise in the fish heart, and this was the purpose of chapter 3.

1.3.8 The role of fibroblasts in remodeling and regeneration

As discussed previously, fibroblasts respond to the demands of the myocardium by adjusting the
type and/or quantity of collagen produced as well as the levels of other ECM components.
Fibroblast function can also change during the progression of a cardiac pathology or in response
to changing physiological conditions. In the diseased mammalian heart, fibroblasts increase in
number through division or differentiation of other cell types which results in increased collagen
type I synthesis (Fan et al., 2012). Injury can also cause a population of myofibroblasts to arise
from pre-existing fibroblasts, which assist in wound healing, but also contribute to myocardial
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stiffening (myofibroblasts are discussed in more detail in section 1.3.7 and chapter 3).
Fibroblasts produce not only the ECM, but also molecules involved in regulating the ECM,
including matrix metalloproteinase enzymes as well as their inhibitors (discussed in section
1.4.1). Therefore, when this balance is disrupted in a detrimental manner such as after cardiac
injury, fibroblasts contribute to dysregulation of the myocardium by excess or suboptimal ECM,
which disrupts myocyte interaction and stiffens the myocardium (Fan et al., 2012). During
normal homeostatic conditions, however, fibroblasts maintain myocardial function by facilitating
collagen turnover and production.
Fibroblasts also play a critical role in the regeneration of the zebrafish heart following
injury. These cells first create the fibrin clot that forms over the freshly injured site, sealing the
wound with a material that is less permanent than collagen type I (Jopling et al., 2010). This
process is different than what occurs in the mammalian heart, where injury to the myocardium
results in the formation of a collagen type I scar by myofibroblasts that is mainly responsible for
initiating the process of pathological remodeling (Eghbali et al., 1991). In the zebrafish heart,
novel myocytes are recruited from previously existing myocardial cells in different layers that
demonstrate embryonic developmental program reactivation, such as epicardial cells. Cells from
the epicardium will also accumulate in the wound area 7–14 dpi, where their recruitment is
dependent on fibroblast growth factor (FGF) and platelet-derived growth factor (PDGF)
(Kikuchi et al., 2011). The effect of FGF on fibroblasts was investigated in chapter 3 (and is
discussed in more detail there), but it is important to note that epicardial cells can also give rise
to fibroblasts as well as myocytes, indicating the importance of FGF in both remodeling and
regeneration (Iyer et al., 2015). TGF-β1 has also been shown to be critical to zebrafish heart
regeneration, where blocking the signal of this cytokine impairs wound healing (Chablais and
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Jazwinska, 2012). Furthermore, a population of myofibroblasts appears in the regenerating
zebrafish heart, but it has not been established if the appearance of these cells is a result of TGFβ1 signaling (Gonzalez-Rosa et al., 2011). This thesis tested the hypothesis that TGF-β1 induced
the differentiation of trout cardiac fibroblasts into myofibroblasts through SMAD2 signaling.
The results of this experiment are described in chapter 3.
1.4 Factors regulating collagen in the extracellular matrix
Collagen in the ECM is continuously turned over as a means of maintaining the structural
integrity of the tissue under normal homeostatic conditions. The balance between collagen
production and degradation can be adjusted by the activity of various intra- and extracellular
factors to result in net collagen accumulation or removal. Another form of collagen regulation
includes changes to the ratios of the types of collagen present. For example, Johnson et al.,
(2014) demonstrated that there was a higher ratio of thin:thick collagen fibres in the hearts of
cold acclimated male zebrafish compared to hearts from control male zebrafish. Because
different types of collagen have different biophysical properties, changing the predominant type
of collagen present facilitates a change in the elastic and tensile forces of the ECM. Interestingly,
in the injured mammalian myocardium, overexpression of collagen type III helps mitigate
declining cardiac function after injury (Uchinaka et al., 2018). This may be because collagen
type I is more stiff than collagen type III (Wei et al., 1999) and as a result, influences diastolic
function (Uchinaka et al., 2018). The factors that can affect the type and amount of collagen will
be discussed in the upcoming sections.

1.4.1 Matrix metalloproteinases and tissue inhibitor of metalloproteinase
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One of the major endogenous processes by which the ECM is regulated through degradation is
with the enzymes known as matrix metalloproteinases. Matrix metalloproteinases, abbreviated as
MMPs, are a large family of zinc-dependent enzymes that together, can digest all types of
connective tissue (Visse and Nagase, 2003a). Of particular importance to trout cardiac ECM
remodeling are MMP-13, MMP-2 and MMP-9. In fish, MMP-13 digests native collagen type I
into hydrolyzed collagen, otherwise known as gelatin (Hillegass et al., 2007a; Pedersen et al.,
2015). MMP-2 and MMP-9 are the gelatinase MMPs and form the second step in removing
collagen type I, as they convert the gelatin into waste products (Hillegass et al., 2007a; Kubota et
al., 2003; Li et al., 2002). While gelatinases typically do not cleave the collagen triple helix
directly, their activity is indicative of matrix degradation during the remodeling process (Riley et
al., 2002). Furthermore, MMP-2 has been shown to have the capacity to degrade native collagen
type I in some cases (Messaritou et al., 2009). The enzymatic activity of MMPs can be inhibited
by an endogenous protein regulator of MMPs called tissue inhibitor of metalloproteinase (TIMP)
(Husse et al., 2007; Lee et al., 2002). TIMP is important for development and growth as it helps
regulate the effect of MMPs, and is recognized as an ancient protein, as it has been found to be
highly conserved throughout animal taxa indicating its importance in functional regulation of
tissue throughout vertebrate evolution (Murphy, 2011). Interestingly, TIMP can also act as an
activator of MMPs at lower concentrations (Wang et al., 2000). The process of collagen
regulation via MMPs and TIMP is summarized in fig 12. The ability of MMPs to regulate
collagen is why both transcript abundance and enzyme activity were quantified in chapters 2 and
3.

1.4.2 Cell signaling factors and transforming growth factor-beta 1
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Communication via the release and acquisition of extracellular chemical cues is one of the major
ways in which cells transmit, and receive, information about the status of the organ, tissue or
even overall body condition, of the organism. One cell can relay information to another cell
through the production and release of molecules. When the released molecule binds to its
membrane receptor on a different cell, this can trigger a signal cascade in the target cell and
ultimately alter gene expression, for example via MAPK phosphorylation leading to altered
transcriptional factor binding. Signaling molecules produced by a cell can also be re-transmitted
to the same cell, resulting in a feedback loop. There are a variety of molecules that can be
expressed and transmitted such as growth factors, hormones, peptides and cytokines. Cytokines
are a class of cell signaling factors that are associated with the immune system, as they are
typically indicative of an inflammatory response when they are detectable at high levels.
Transforming growth factor-beta 1 (TGF-β1) is a ubiquitously expressed cytokine that binds to
most cell types and initiates intracellular signaling cascades involved in cellular proliferation,
differentiation and migration (Overall et al., 1991; Van Obberghen-Schilling et al., 1988). TGFβ1 was discovered in tumor viruses 1981, and was named due to its ability to transform the
phenotype of various cell types (Moses et al., 2016). While the role of TGF-β1was initially
thought to be limited to autocrine secretion, it has been found to perform various functions since
then. TGF-β1 is particularly associated with the induction of collagen synthesis in fibroblast cells
as a result of phosphorylation events through small mothers against decapentaplegic (SMAD)
signaling cascades. The pro-protein sequence of TGF-β1 is only 46% conserved between trout
and humans (Fig. 13a). However, the biological activity of TGF-β1 is facilitated by a 112-114
amino acid long sequence in the C-terminal domain which is ~63% conserved between trout and
humans (fig. 13b) (Khalil, 1999; Verrecchia and Mauviel, 2007). This region of the sequence is
31

TGF-β1 has cell surface receptors specific to this cytokine, and are comprised of a complex of
type I and type II receptors (Verrecchia and Mauviel, 2007). When TGF-β1 binds to its cell
surface receptor, this initiates a cascade via protein conformation changes and phosphorylation
events which translocates the signal to transcriptional factors located in the nucleus, influencing
gene expression.

1.4.3 The role of microRNA in protein translation

Single-stranded ribonucleic acid RNA was first discovered by Friederich Miescher in 1868 and
its role as a carrier of genetic information was identified between 1951 and 1968 (Singer, 1968).
It has long been assumed that the main function of RNA was to act as an intermediary that
converted genetic information into associated proteins. However, a new class of non-coding
RNA, discovered in 1993, was demonstrated to inhibit protein synthesis via post-transcriptional
regulation of messenger RNA (mRNA) (Varani, 2015). These small (~20-22 nucleotides) strands
of RNA are known as microRNA (miR) and bind imperfectly to the 3’ untranslated region
(UTR) of mRNA to inhibit protein synthesis by preventing translation through the ribosome
(Bartel, 2004; Griffiths-Jones et al., 2006). The 3’ UTR region of mRNA is the section of RNA
that follows the stop codon, but occurs before the poly-A tail, and UTRs can have sites for
multiple miRs to bind, or multiple sites for one specific miR to bind (Shukla et al., 2011). In the
cell, miR is initially encoded as a long RNA strand and first appears as a hairpin pri-miR loop,
comprised of a 5’ cap structure and poly-adenylated 3’ end, in the nucleus (Almeida et al., 2011)
(fig. 13A). The miR is then cleaved by the protein Drosha into pre-miR, and exported from the
nucleus into the cytoplasm where the hairpin loop is removed by a protein called Dicer, and the
resulting structure is a double-stranded miRNA duplex (Almeida et al., 2011). Maturation of the
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miR duplex involves separation of the structure into two strands. Typically, one strand becomes
the active mature miR involved in gene silencing by complexing with the Argonaute (Ago)
protein, called the guide strand, while the other strand is released during Ago loading, and is
known as the passenger strand (Gagnon and Corey, 2012). Once mature, the miR forms a
complex with the RNA-induced silencing complex (RISC) protein (including Ago), which uses
the sequence of the miR to which it is bound, to identify the complementary sequence on mRNA
(Matkovich et al., 2011; Thomson et al., 2011).
In mammals, mRNA is inhibited predominantly by RNA destabilization, which can
involve 5’ de-capping, or 3’ de-adenylation (Eichhorn et al., 2014; Thomson et al., 2013). The 5’
cap and 3’ poly-A tail promote protection of the RNA molecule after transcription, and to
remove these components can cause degradation of mRNA in the 5’-3’ direction (Eichhorn et
al., 2014). This entire process is summarized in Fig. 13b. Currently, there are over 2000
microRNAs that have been discovered in humans, all of which have the potential to bind to a
variety of mRNAs indicating the importance of miRs as effective regulators of tissue structure
and function (Hammond, 2015).
Recent studies have determined that miR-29b is of particular importance in the regulation
of collagen type I. van Rooij et al. (van Rooij et al., 2008) found that miR-29b is downregulated
in the infarcted zone of the mammalian heart attack model. This region of damaged muscle tissue
is replaced with a scar, predominantly composed of collagen type I, and is the main factor
contributing to pathological fibrosis (Talman and Ruskoaho, 2016). Furthermore, Abbonec et al.
(Abonnenc et al., 2013) demonstrated that miR-29b overexpression in mouse cardiac fibroblasts
show a decrease in collagen type I. Important to the role of miR-29b is the high conservation of
this miR throughout vertebrates. miR-29b is 100% conserved between zebrafish and humans,
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and 100% conserved between trout and humans. This very high level of conservation likely
reflects the potential importance of this molecule as a key regulator of collagen type I in all
vertebrates. Chapter 5 of this thesis examined the potential role of miR-29b as a regulator of
collagen by over-expressing this mature miR in the trout cardiac fibroblasts.

1.4.4 Biomechanical forces and mechanotransduction

One critical question regarding the remodeling response in the fish heart with thermal
acclimation is, what is the signal that initiates it? Graham and Farrell (Graham and Farrell,
1989a) have suggested that cold-induced cardiac hypertrophy occurs in response to the increase
in blood viscosity caused by a decrease in environmental temperature. An increase in blood
viscosity, due to a decrease in the fluidity of the erythrocyte membranes as well as an increase in
plasma viscosity, would increase vascular resistance, and therefore, increase the amount of work
performed by the heart (Farrell, 1984). The resultant hypertrophy, would thus, be an adaptive
response to increased workload (Keen et al., 2017). An increase in blood viscosity can also
induce hypertrophy and fibrosis by increasing shear stress within the heart (Devereux et al.,
1984). Human patients exhibiting pathological left-ventricular hypertrophy associated with
hypertension (high blood pressure) have increased blood viscosity (Devereux et al., 1984). In
contrast, Devereux et al. (1984) demonstrated that patients with hypertension, but normal blood
viscosity, have a normal left ventricular mass suggesting that mechanical stimulation of cardiac
growth by rheology is more dependent upon blood viscosity than blood pressure. Both increased
blood pressure and viscosity lead to mechanical overload as a result of stretching of the
cardiomyocytes. The activity of MAPKs that initiate protein synthesis pathways are increased in
response to stretch and show similarities in signaling patterns as when activated by growth
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factors or hormones (Komuro and Yazaki, 1993). Therefore, the increase in blood viscosity
caused by a reduction in temperature could directly activate hypertrophic pathways in the
myocardium by causing an increase in the mechanical forces acting on the myocytes (Keen et al.,
2017). Therefore, it is possible that the increased cardiac workload during cold acclimation
would lead to cellular deformation, triggering remodeling cues. Various cell surface receptors
can become activated in response to physical forces, and the translation of these mechanical cues
into chemical signals is known as mechanotransduction. Importantly, one of the growth factors
released within cardiac myocytes in response to stretch is the cytokine transforming growth
factor-beta 1 (TGF-β1) (Dobaczewski et al., 2011) discussed in section 1.4.2.
1.5 Thesis overview
The objective of this thesis was to investigate how various factors influence the synthesis of
collagen type I by rainbow trout cardiac fibroblasts. This thesis tested the general hypothesis that
collagen protein production can be altered by differential collagen or MMP gene expression, or
changes in MMP activity. It was also hypothesized that these changes can be achieved by
experimental manipulation of the intracellular signaling cascades as introduced, or by artificially
inhibiting collagen type I mRNA with added siRNA. All of my experiments involved the use of
cultured ventricular fibroblasts obtained from a number of male rainbow trout at various
passages. By adding physiologically relevant concentrations of cytokines and growth factors, I
tested the hypothesis that exogenous signaling molecules altered the phosphorylation state of key
pathways involved in collagen synthesis or fibroblast transformation. I also tested the hypothesis
that mechanical factors triggered the phosphorylation state of other important intracellular
signaling cascades. The accumulation of this work is the proposed model of collagen remodeling
in the rainbow trout myocardium that is described in the general discussion (section 6.0 fig. 1).
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Figure 1.1. Representative diagram of the teleost circulatory system and
heart.
Deoxygenated venous blood (blue) flows from the ventricle to the
gills, where it is reoxygenated (red) and transported to the rest of the
body. (Gamperl et al., 2017)
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Figure 1.2. Scanning electron micrograph of a teleost heart.
A) Whole ventricle image where structure of spongy myocardium is evident.
SV=sinus venosus, A=atrium, B=bulbous arteriosus, V=ventricle, B) Border of
compact and spongy myocardia at higher magnification. T= trabecula, white arrows
indicate vasculature, white bracket delineates compact myocardium. Fibroblasts were
cultured from both layers. (Modified from Gamperl et al., 2017)
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Figure 1.3. Cross-section of a rainbow trout ventricle from cold, warm and
control acclimated individuals.
Tissue was stained with Masson’s trichrome, where purple/red is muscle tissue and
blue is collagen. A) Cross-section of the ventricle showing the spongy and compact
myocardia from a cold-acclimated (4°C) trout. B) Section from control (11°C) trout.
C) Section from warm-acclimated (17°C) trout. (Klaiman et al., 2011).
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Figure 1.4. Representative diagram of cell arrangement in the normal
myocardium.
Cardiomyocytes are large, but not as numerous as the smaller fibroblast
cells. The trout spongy myocardium is avascular and lacks the
microvasculature depicted here, whereas the compact myocardium is
vascularized. Modified from (Furtado et al., 2016).
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Figure 1.5. Representative diagrams of the contractile unit of myocytes.
A) Changes in protein conformation of the troponin complex expose myosin
binding regions on actin. B) Overlap between actin and myosin facilitate the
power stroke, which involves pulling the thin filament towards the M-Line.
(Gamperl et al., 2017)
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A

Figure 1.6. Representative diagram tissue layers within the teleost heart.
A) The ventricular myocardium contains specialized cell types in each layer. The
epicardium contains epicardial cells as well as vascular smooth muscle cells and
endothelial cells within the vasculature, the myocardium contains cardiomyocytes,
the endocardium contains endocardial cells. (modified from Poon and Brand, 2013).
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Figure 1.7. Representative diagram demonstrating collagen
protein composition.
The amino acid sequence of collagen type I is encoded by three separate
mRNA isoforms. The resulting strands are wound around each other to form
a triple helix, and many more helices wind around each other to form fibrils.
(Bhattacharjee and Bansal, 2005)
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Figure 1.8. Fibroblasts in vitro and in vivo.
A) In vivo mammalian fibroblasts from the mitral valve of a rabbit .
FB= fibroblast, COL=collagen. B) Rainbow trout cardiac fibroblast
culture under 100x magnification. C) Rainbow trout cardiac
fibroblasts stained with vimentin antibody under 600x
magnification. A) (Movat and Fernando, 1962) B) and C) Personal
pictures, unpublished.
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Figure 1.9. The basic cell cycle.
Cells grow in size in the G1 phase, the S phase involves DNA replication,
the G2 phase is when cells prepare to divide, and mitosis occurs in the M
phase. Cardiac fibroblasts in the experiments from Chapters 2, 3 and 4 were
arrested in G0 stage by removing FBS for 24h before treatment. Modified
from (Chin and Yeong, 2010)
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Figure 1.10. Simplified representation of the MAPK signaling pathway
Chemical or physical extracellular cues are transmitted into the cell through various
cell membrane components, and relayed through intermediary proteins. The signals are
eventually transmitted to stimulate the phosphorylation of MAPKs, which can alter
gene expression through transcriptional factor activation.
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Figure 1.11. Representative process of cell migration.
Actin-driven filopodia extension creates a new adhesion facilitated in part by
integrins. Contraction of cytoskeletal machinery creates movement towards
adhesion. (Tschumperlin, 2013)
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Figure 1.12. MMP and TIMP-2 regulation of collagen in tissue.
Collagen fibres are comprised of several fibrils, which are made up of monomers
consisting of triple helices as in fig. 1.7. MMPs 8 and 13 are mainly responsible
for hydrolyzing native collagen into gelatin, which is then digested by MMPs 2
and 9. MMP activity can be inhibited by TIMP, which binds to the active site.
Used with permission from Todd Gillis.
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A

B
Figure 1.13. Protein sequence alignment of TGF-β1 in trout (AHH92864.1)
and humans (XP_011525544.1).
A) Sequence of entire protein (46% conserved), B) sequence of biologically active
region (63% conserved).
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Messenger RNA

Protein synthesis

Figure 1.14. microRNA production and maturation.
miRNA is transcribed from DNA into a pri-miRNA hairpin loop, which undergoes
processing into pre-miRNA and can then be transported outside of the nucleus.
Pre-miRNA is processed by Drosha and Dicer into mature strands, which are then
able to become incorporated into the RISC (which includes Argonaute). The
RISC-miR complex binds to its target mRNA via seed region recognition, and
inhibits protein translation. Modified from (Zhu et al., 2016)
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Summary: TGF-β1 causes cultured trout cardiac fibroblasts to increase collagen synthesis
suggesting that this cytokine may play a role in regulating the collagen content of the trout heart
during thermal acclimation
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Abstract
Cold acclimation of rainbow trout, Oncorhynchus mykiss, causes collagen to increase within the
extracellular matrix (ECM) of the myocardium, while warm acclimation has the opposite effect.
The mechanism responsible for this remodeling response is not known. In mammals,
transforming growth factor beta-1 (TGF-β1) stimulates collagen deposition within the
myocardial ECM. Therefore, we hypothesized that TGF-β1 regulates trout myocardial ECM
turnover and predicted that TGF-β1 would induce collagen deposition in cultured rainbow trout
cardiac fibroblasts. We found that treatment of trout cardiac fibroblasts with 15 ng ∙ ml-1 human
recombinant TGF-β1 caused an increase in total collagen at 48 h and 72 h and an increase in
collagen type I protein after 7 d. We also found that TGF-β1 treatment caused an increase in the
transcript abundance of tissue inhibitor of metalloproteinase 2 (timp-2) and matrix
metalloproteinase 9 (mmp-9) at 24 h. Cells treated with TGF-β1 also had lower levels of the gene
transcript for mmp-2 after 48 h and higher levels of the gene transcript for collagen type I α I
(col1a1) after 72 h. These changes in gene expression suggest that the increase in collagen
deposition is due to a decrease in the activity of matrix metalloproteinases and an increase in
collagen synthesis. Together, these results indicate that TGF-β1 is a regulator of ECM
composition in cultured trout cardiac fibroblasts and suggests that this cytokine may play a role
in regulating collagen content in the trout heart during thermal acclimation.

KEYWORDS: Cardiac fibroblasts, collagen matrix, transforming growth factor beta-1, tissue
remodeling
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Introduction
Rainbow trout remain active in waters where temperature can change seasonally between 4 oC
and 25 oC. Such change in temperature represents a significant challenge to maintaining normal
physiological processes due to the effects of temperature on biochemical and biophysical
processes. One critical organ required for maintaining aerobic function is the heart, and many
studies have demonstrated that thermal acclimation of trout causes significant changes to its
morphology, composition and function (Bailey and Driedzic, 1996; Bailey et al., 1990; Farrell et
al., 1991; Graham and Farrell, 1989b; Hassinen et al., 2007; Keen et al., 2016; Klaiman et al.,
2011; Lurman et al., 2012; Vornanen et al., 2005). It is thought that these changes help to
compensate for the effects of temperature on the hearts capacity to support the oxygen
requirements of the animal. For example, (Klaiman et al., 2014b) has demonstrated that the
magnitude and rate of ventricular pressure generation was greater in hearts from trout acclimated
to 4°C compared with those from animals acclimated to 11 or 17°C. In addition, cold acclimation
has been demonstrated to cause cardiac hypertrophy and to increase cardiac connective tissue,
while warm acclimation causes the opposite response (Keen et al., 2017; Klaiman et al., 2011)
These reversible changes in tissue composition are thought to help maintain cardiac function
through the ~20 oC seasonal change in ambient temperature (Keen et al., 2017; Klaiman et al.,
2011). For example, passive stiffness of the heart increases when trout are cold-acclimated, and
this reduced compliance is thought to help support the increased muscle mass with cold induced
hypertrophy (Keen et al., 2017; Klaiman et al., 2011).
The extracellular matrix of the vertebrate heart plays an important role in regulating
cardiac function by acting as a dynamic scaffold that maintains the structural integrity of the
myocardium. Changing the amount or type of connective tissue within the ECM alters the
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physical properties of the heart, resulting in changes in myocardial compliance (Carver et al.,
1991). In mammals, physiological remodeling of the heart with aerobic exercise training causes a
proportional increase in both muscle mass and connective tissue so that the biomechanical
properties of the myocardium is maintained (Weber et al., 1987). In contrast, pathological
remodeling, or cardiac fibrosis, that occurs with cardiac disease or injury, leads to irregular
myocardial stiffening (Burchfield et al., 2013; Zeisberg et al., 2007), and this irreversible change,
caused by a permanent increase in collagen, reduces contractile function (Shih et al., 2011).
Under physiological conditions collagen is constantly turned over in the myocardium,
therefore, rates of synthesis and degradation are manipulated to maintain biomechanical
properties (Siwik et al., 2001). In the mammalian heart, the degradation of collagen in the ECM
is mediated by the activity of a family of zinc-dependent endopeptidases known as matrix
metalloproteinases (MMPs) (Visse and Nagase, 2003b) and their inhibitors, called tissue
inhibitors of MMP 2 (TIMP2) (Husse et al., 2007; Lee et al., 2002; Lee et al., 1997). In fish,
MMP-13 degrades collagen into gelatin, which is then digested by MMP-2 and MMP-9 into
waste products that are removed from the body (Hillegass et al., 2007b; Kubota et al., 2003; Li et
al., 2002). An increase in collagen production by the fibroblasts can also lead to an increase in
deposition into the ECM (Li et al., 2001). These processes have been demonstrated to be
regulated in the mammalian heart, in part, by the cytokine transforming growth factor-β1 (TGFβ1) (Border and Noble, 1994). TGF-β1 is ubiquitously expressed and binds to most cell types to
initiate intracellular signaling cascades involved in cellular proliferation, differentiation and
migration (Overall et al., 1991; Van Obberghen-Schilling et al., 1988). In addition, TGF-β1
production and release increases during pathological remodeling such as that which occurs after
myocardial infarction (Bujak et al., 2007) or with the onset of hypertension (Lijnen et al., 2003).
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These pathologies are associated with an increase in blood pressure, which results in greater
levels of stretch and/or shear stress on the endocardium and triggers TGF-β1 production to
initiate pathological remodeling (Katsumi et al., 2004; MacKenna et al., 1998). Once released,
TGF-β1 stimulates cardiac fibroblasts to increase the transcription of timp-2 (Visse and Nagase,
2003b) and collagen type I (col1; Kolosova et al., 2011; Reed et al., 1994), resulting in an
increase in connective tissue in the ECM. Collagen type I is also a main constituent of the ECM
in other vertebrate hearts, including that of rainbow trout (Eghbali and Weber, 1990), however it
is not known if the role TGF-β1 in regulating collagen deposition is conserved. The collagen
protein is composed of three amino acid chains that assemble to form a fibril. In fish, each of the
three chains are coded by a separate collagen transcript (col1a1, col1a2 and col1a3) (Saito et al.,
2001). Expression of the trout col1a3 has been found to be up regulated in response to chronic
cold acclimation (Keen et al., 2016). In mammalian models, it is well established that there are
TGF-β1 responsive sequences on the promoter for col1a1 (Verrecchia and Mauviel, 2007) and
col1a2 (Inagaki et al., 1994). Many mammalian studies have focused on the transcript abundance
for col1a1 in response to short-term TGF-β1 signaling (Bauge et al., 2011; Pan et al., 2013;
Verrecchia et al., 2001). Thus, we studied col1a1 as a representative gene for trout collagen type
I deposition and also because it is known to be responsive to TGF-β1 stimulation.
The purpose of the present study was to determine if TGF-β1 regulates ECM collagen
content in the rainbow trout heart. To do this, we characterized how exposure of cultured trout
cardiac fibroblasts to TGF-β1 influenced collagen production and assembly, as well as the
expression of gene transcripts associated with collagen regulation. The specific gene transcripts
examined included col1a1, mmp-2, mmp-9, and timp-2. It is predicted that TGFwill cause an increase in collagen production and that this change will be accompanied by an
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increase in the expression of col1a1 and timp-2 as well as a decrease in the expression of mmp-2,
and mmp-9. Such changes in gene expression would support an increase in collagen synthesis
and a decrease in the activity of MMPs.

Materials and methods
Animal husbandry
Rainbow trout (1661±166 g) were obtained from Alma Aquaculture Research Centre (Alma,
ON) and kept in 2000 L flow-through tanks at the Hagen Aqualab (University of Guelph, ON,
Canada). Water temperature was 12.0 ± 1.0 °C and photoperiod was maintained on a 12:12
cycle. Fish were fed a maintenance diet of Martin Mills (Elmira, ON) floating feed on alternating
days. The University of Guelph Animal Care Committee approved all experiments in this study
under the auspices of the Canadian Council on Animal Care (CCAC).

Establishing primary cultures of trout fibroblasts
Methods to establish primary cultures of trout cardiac fibroblasts were adapted from (Fryer et al.,
1965). Adult rainbow trout were killed by a blow to the head and then the skin on the ventral
surface above the heart was scraped of mucous and rinsed with 70% ethanol. The heart was
removed using a sterile scalpel, rinsed and then placed in ice cold Hank’s balanced salt solution
(in mM: 1.26 CaCl2, 0.49 MgCl2∙6H2O, 0.4 MgSO4∙7H2O, 5.3 KCl, 0.44 KH2PO4, 4.16
NaHCO3, 137.9 NaCl, 0.33 Na2HPO4, and 5.55 dextrose) containing 1% penicillin-streptomycin
(P/S) (Hyclone, Little Chalfont, UK) and 1% amphotericin B (AmB) (Life Technologies,
Carlsbad, CA). All remaining work was conducted within a class II biosafety cabinet at room
temperature (21 oC). The ventricle was isolated and then minced into small (~1 mm) pieces in
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Leibovitz’s L-15 medium (Life Technologies) before being subjected to protein hydrolysis in a
0.16% trypsin-ethylenediaminetetraacetic acid (EDTA) solution (Hyclone) with constant stirring
for 15 min at room temperature. Dissociated cells and tissue were split into three 25 cm2 flasks in
L-15, supplemented with 10% fetal bovine serum (FBS), 1% P/S and 1% AmB (hereafter
referred to as whole medium) and allowed to attach to the flask bottom overnight at room
temperature. The next day, the spent medium was replaced with whole medium containing 15
ng∙ml-1 basic fibroblast growth factor (bFGF; Life Technologies) and 30 ng∙ml-1 insulin-like
growth factor 1 (Life Technologies) to facilitate fibroblast proliferation (Kohei et al., 1997).
When cells were 60-70% confluent, populations were sub-cultured with 0.16% trypsin-EDTA.
Cells at passages 4-6 were cryobanked in liquid nitrogen in L-15 with 10% dimethyl sulfoxide
(DMSO). To confirm that fibroblast populations had been established, cells were cultured on
acid-etched coverslips and stained with monoclonal mouse anti-vimentin (Sigma Aldrich, St.
Louis, MO), a reliable marker of fibroblastic cells (Sappino et al., 1990). Since vimentin also
stains endothelial cells, cultures were incubated with anti-mouse cluster of differentiation 31
(PECAM-1) antibody (2H8-s, Developmental Studies Hybridoma Bank, University of Iowa, IA).
This antibody was validated using immunohistochemistry with whole trout muscle tissue
preparations (supplemental figure 1). Cultured cells did not demonstrate fluorescence of the
CD31 protein indicating that these cells were not endothelial in nature. All lines also tested
negative for mycoplasma as demonstrated using a Hoechst 33258 (Sigma) stain (supplemental
figure 2). Of the 27 trout ventricles used to establish cell lines, only 7 lines grew successfully.
Cell lines mRTV2, 9, 13, 17, 19, 21 and 22 (male rainbow trout ventricle) were used between
passages 7-9 (hydroxyproline assay and gene expression) or 11-13 (ascorbic acid and Western
blot) in the experiments below. For cell culture experiments, the n-value refers to a separate cell
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line at various passages. Cells were maintained at 21°C at all times without CO2. Cells were
serum-starved for 24 h before all experiments to arrest growth prior to experimentation so that
any cellular responses detected would be in response to the treatment (Hayes et al., 2005).

Transforming growth factor-beta 1 treatment
Cryobanked cells were thawed into 5 ml whole medium and then centrifuged at 500 g for 5 min
to remove cryofreezing medium. Cells were plated into 6-well plates at a density of ~8x103 cells
per cm2. 15 ng∙ml-1 human recombinant TGF-β1 (R&D Systems, Minneapolis, MN) in a solution
of 4 mM HCl + 0.5% BSA was added to fresh medium and neutralized with the addition of an
equimolar solution of 4 mM NaOH. Cells were then incubated for 24 h, 48 h, 72 h, or 7 d at
room temperature. Control cells were exposed to the same volume of the cytokine solvent. At
each sampling point, medium was reserved and cells were dissociated with trypsin then counted
in a TC20 automated cell counter (Bio-Rad, Hercules, CA) before pelleting.

Cellular proliferation
Fibroblasts from three separate cell lines (mRTV 17, 21 and 22) were plated into 24-well plates
at a density of 3 x 104 cells ml-1 in 500 µl whole medium and allowed to attach overnight at room
temperature. After serum starving, half of the cells were treated with 15 ng∙ml-1 TGF-β1 and the
other half were treated with only the solvent solution. Cells from two wells were counted in
duplicate, daily, over the next 5 days. Cells were dissociated with 0.16% trypsin for 5 min and
then 50 µl FBS was added to the dissociated cells to inhibit trypsin. Cells were then counted with
4% trypan blue vital exclusion dye.
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Hydroxyproline assay
Hydroxyproline is an amino acid that occurs regularly (typically every third residue) in the
helices of the collagen chains and can thus be used as an indirect measure of total collagen
(Kafienah and Sims, 2004). The concentration of hydroxyproline in cultured cells, which
includes the ECM, as well as in conditioned medium, was measured according to (Kafienah and
Sims, 2004). In brief, 400 µL absolute ethanol was added to the cell pellets and to 200 µL of
conditioned medium. These were then incubated at 4°C overnight and pelleted at 1710 g and the
supernatant was reserved then air-dried. Once dry, 300 µL 6N HCl was added to each sample
and hydrolyzed at 135 °C for 3 h, followed by air-drying. Samples were reconstituted in 200 µL
distilled water, centrifuged at 9 000 g, and then the hydroxyproline content in the supernatant
was assayed as previously described (Kafienah and Sims, 2004).

Ascorbic acid treatment and immunocytochemistry for collagen type I
L-Ascorbic acid (L-AA) induces mammalian cultured fibroblasts to synthesize and secrete
collagen type I into the ECM, and aids in the formation of structured triple helix filaments
(Murad et al., 1981). To determine the combined effects of L-AA and TGF-β1 on the
accumulation and excretion of collagen in the ECM, cultured cells, grown on coverslips, were
exposed to TGF-β1 in the presence or absence of L-AA. This was done to determine if TGF-β1
had an effect on collagen production as well as assembly. L-AA was added daily for 7 days to
control fibroblasts and to those that had been treated with TGF-β1. Treatment groups included LAA treatment only, TGF-β1 only and TGF-β1 plus L-AA. The control group was not treated
with either TGF-β1 or L-AA. L-AA (Sigma), dissolved in L-15, was added to cells to a
concentration of 50 µg∙ml-1 (Lee et al., 1997). 15 ng∙ml-1 TGF-β1 was added once on day 0 and
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again after 72 h when the whole medium was replaced. Cells were sampled after 24 h, 72 h and 7
d. The cell culture media used in these experiments was pH buffered and contained a pH
sensitive dye. The addition of the L-AA did not alter the color of the media indicating that the
pH was not altered. At each sampling point, cells were fixed in 4% paraformaldehyde for 10 min
followed by washing with phosphate buffered saline (PBS), permeabilized with PBS containing
1% Tween20 (PBS-T) (Fisher, City, ON) for 10 min then blocked with 1% normal goat serum
(Invitrogen) in PBS-T for 1 h. Anti-salmon collagen type I (Cedarlane, Burlington, ON) was
added at a dilution factor of 1:500 in blocking buffer and incubated overnight at 4 °C. The next
day, cells were rinsed with PBS-T and incubated in 1:500 goat anti-rabbit Alexa Fluor 568 (Life
Technologies) in blocking buffer for 1 h at room temperature. Cells were then counterstained
with 1 µg∙ml-1 4', 6-diamidino-2-phenylindole (DAPI) for 5 min and mounted on glass slides
with ProLong Gold (Invitrogen) and left to dry overnight at room temperature. Cells were
imaged on a Nikon Eclipse 90i microscope equipped with a 12-bit color digital camera (QImaging) using identical acquisition settings.

Measurement of collagen type I in fibroblasts using Western blotting
Fibroblasts from 3 separate cell lines were grown in 75 cm2 flasks and treated with 15 ng∙ml-1
TGF-β1, L-AA or solvent solution. The ascorbic acid treatment group was added to determine
whether it also acts to increase collagen production as well as fibril assembly. Whole medium
was replaced after 72 h and TGF-β1 was re-added at this time. Cells were grown for 7 d in total
and then sampled. Conditioned medium from cultures was removed and reserved. Cells were
washed with 5 ml PBS, then 500 µl radioimmunoprecipitation assay (RIPA) buffer with 1 µM
phenylmethane sulfonyl fluoride (PMSF; Sigma) was added to cells on ice and incubated for 5
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min. Cells were removed from flasks by scraping and then transferred to an Eppendorf tube and
mixed constantly for 30 min at 4 °C. Lysate was then centrifuged for 20 min at 20 000 g, then
supernatant was reserved and measured for protein content with a bicinchoninic acid (BCA)
assay (Bio-Rad). 20 µg protein was loaded into each lane of a 6% polyacrylamide gel and run at
160 V for 1.5 h. Proteins were electro-blotted onto polyvinylidene fluoride membrane with wet
transfer at 30 V for 16 h at 4 °C, blocked in 5% skim milk powder in tris-buffered saline with
0.1% Tween20 (TBST) (hereafter referred to as blocking buffer) for 1 h at room temperature
then incubated in rabbit anti-salmon collagen type I (Cedarlane) in blocking buffer plus 0.05%
sodium azide overnight at 4 °C. The next day, blots were incubated in goat anti-rabbit IgG-HRP
at a dilution of 1:1000 in blocking buffer (Santa Cruz Biotechnology). An Amersham ECL Plus
detection kit (GE Healthcare) was used as per manufacturer’s instructions to induce
chemiluminescence, which was subsequently visualized with the ChemiDoc MP. To control for
loading volumes, membranes were incubated in 1:1000 mouse anti-actin cy3 conjugated
antibodies (Sigma) in TBS + 1% BSA for 1 h at room temperature and visualized with
ChemiDoc MP. It was found that treatment of fibroblasts with L-AA induced an increase in actin
thus membranes were compared to whole protein content by running a parallel gel of identical
protein and loading volumes and staining with Coomassie blue (BioRad) to quantify total protein
of samples (Eaton et al., 2013) (supplemental figure 3).

Reverse transcription quantitative polymerase chain reaction (RT-qPCR)
The transcript abundances of genes associated with connective tissue regulation were quantified
in cardiac fibroblasts after 24 h, 48 h, and 72 h incubation with TGF-β1 or solvent control. Total
RNA was extracted from fibroblasts using Trizol (Life Technologies) according to
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manufacturer’s instructions and quantified using a Nanodrop 8000 (ThermoFisher Scientific,
Ottawa, ON). One microgram of total RNA was treated with DNase I (Sigma) and used to
synthesize cDNA with the High Capacity cDNA Synthesis Kit (Life Technologies) following
manufacturers’ instructions. Duplicate cDNA reactions in which the Multiscribe RT enzyme was
omitted were included for 10% of total samples, chosen randomly, to verify the efficacy of the
DNase treatment. Transcript abundances were measured in duplicate reactions on a StepOnePlus
Real-Time PCR Instrument (Life Technologies) using default cycling conditions and a
dissociation cycle. Each 15 µl reaction contained 1 x PerfeCta Fast SYBR Green Master Mix
(Quanta BioSciences, Gaithersburg, MD), 200 nM of each gene-specific primer (Table 1) and
1:15 vol:vol cDNA. Custom oligos for col1a1, timp-2 mmp-2, tgfβr and tgf-β1 were designed
using Primer Express. The sequence of the gene specific primers for mmp-9 was that used by
Keen et al., 2016. All reactions generated a single-peaked dissociation curve at the predicted
amplicon melting temperature. The mRNA abundance of each gene was quantified by fitting the
threshold cycle to the antilog of standard curves prepared from serially diluted cDNA. Isoform
transcript abundance was normalized to the mRNA abundance of elongation factor 1α (ef1α).
The transcript level of this housekeeping gene did not change in response to TGF-β1 treatment.
All primers used had an efficiency of 80-110%. All non-reverse transcribed control samples
failed to amplify.

Statistical analyses
Data for hydroxyproline concentration, collagen protein, gene expression were first tested for
normality using a Shapiro-Wilk test. Non-normal data were log-transformed prior to analysis and
tested again. Data that were non-normal after log transformation were analyzed with a non81

parametric test. Differences in hydroxyproline content between control and TGF-β1 treated cells
at all times points were analyzed with a two-way ANOVA with a post-hoc Bonferroni correction
at 95% significance cutoff. Differences in transcript abundance at each time point were tested
with an unpaired student’s t-test at 95% cutoff, and data is expressed as fold-change from
control, which was set to 1. Differences in collagen protein production by the control, L-AAtreated and TGF-β1-treated groups were tested with a one-way ANOVA and post-hoc Bonferroni
correction. Statistical analyses were completed using SigmaPlot v.12.

Results
Collagen deposition in cultured fibroblast preparations measured by hydroxyproline and
Western blot protocols
Total hydroxyproline was quantified as an initial measurement of collagen chain production in
the cell pellet and in the exhausted medium. Total hydroxyproline in the cell pellet of TGF-β1
treated cells was greater than untreated cells after 72 h (p<0.05, Fig. 1A). When standardized to
cell number, hydroxyproline levels were 23% and 27% greater in TGF-β1 treated cells compared
to controls after 48 h and 72 h, respectively (p<0.05, Fig. 1B). The amount of hydroxyproline did
not change in the exhausted medium at any time point, whether expressed as absolute (Fig. 1C)
or when standardized to cell number (Fig. 1D). Western blot analysis determined that the level
of collagen type I protein was 1.7-fold higher in the cells treated with TGF-β1, than in the
untreated control cells at 7 d (p < 0.06; Fig. 2). In addition, the levels of collagen type 1 were
3.4-fold higher in cells treated with TGF-β1 than in cells treated with just L-AA (p < 0.05, Fig.
2). The average amount of collagen type I between control and L-AA treated fibroblasts did not
differ significantly.
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Structural collagen deposition in cells treated with ascorbic acid and TGF-β1
There was no evidence of collagen fibril assembly in the ECM of fibroblasts at 24 h and 72 h,
regardless of treatment (data not shown); however, by 7 d there were differences in both staining
intensity and localization between the treatment groups (Fig. 3). Collagen immunostaining of the
control cells resulted in weak immunofluorescence and no fibrils (Fig. 3A, E). The signal from
immunostained collagen in fibroblasts treated with L-AA alone was comparatively weak, with
dense fibrils being evident in the ECM (Fig. 3B, F). Conversely, immunostained collagen in
fibroblasts treated with TGF-β1 alone was more intense, but was contained entirely around the
fibroblasts and distinct fibrils were absent (Fig. 3C, G). Finally, fibroblasts treated with both
TGF-β1 and L-AA resulted in intensely stained collagen both within the cells and secreted into
the ECM, with long and densely stained fibrils evident throughout the ECM (Fig. 3D, H).

The influence of TGF-β1 on gene expression in cultured cardiac fibroblasts
The effects of TGF-b1 treatment on fibroblast gene expression time- and gene-specific. After 24
h of TGF-β1 treatment, the transcript abundances of timp-2 and mmp-9 were 7.8- and 10.9-fold
greater, respectively, than in un-treated control cells (p<0.05, Fig. 4A). After 48 h of TGF-β1
exposure, the transcript abundance of mmp-2 was 3.3-fold lower than that in the controls
(p<0.05, Fig. 4B), and after 72 h of TGF-β1 exposure the transcript level of col1a1 was 7.4-fold
greater compared to that in the control cells (p<0.05, Fig. 4C).
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Cellular proliferation
The number of cells in the TGF-β1-treated and control cultures increased with time but there was
no difference in cell numbers between fibroblast cultures at any sampling time (data not shown).

Discussion
This is the first study to characterize the response of fish cardiac fibroblasts to TGF-β1 and
highlights the conserved cellular pathways involved in regulating ECM composition in the
vertebrate heart. Cultured cardiac fibroblasts responded to physiologically relevant
concentrations of TGF-β1 by increasing collagen production and secretion, and this response was
associated with transcriptional-level changes consistent with increased collagen synthesis and
decreased collagen degradation.

TGF-β1 regulates collagen production in trout cardiac fibroblasts
Treatment of the trout cardiac fibroblasts with TGF-β1 stimulated collagen production, including
an increase in hydroxyproline content of cells measured in the cells at 48 h and 72 h, and the
increase in collagen type I quantified with immunoblotting at 7 d post TGF-β1 treatment. The
collagen produced by the cells following TGF-β1 treatment was retained by the cells as there
was no difference in collagen content of the culture medium from the control and treated
fibroblasts. In addition, the immunocytochemistry data demonstrate that structural collagen was
not transported into the ECM in response to TGF-β1 treatment. This response is not surprising as
previous work with fibroblasts derived from goldfish skin, rat heart and human skin, has
demonstrated that L-AA is a co-factor for the extra cellular assembly of collagen (Hata and
Senoo, 1989; Ju et al., 1998; Lee et al., 1997; Murad et al., 1983; Tamamori et al., 1997). L-AA
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facilitates the hydroxylation of proline within the collagen amino acid chain, which results in the
synthesis of a stable mature collagen polypeptide (Boyera et al., 1998; Peterkofsky, 1972).
Deficiencies in L-AA concentration lead to unstructured amorphous collagen and can result in
fibrotic tissue pathologies (i.e. scurvy) (Asboe-Hansen, 1963; Thomas et al., 1995). The
assembly of collagen fibrils following the co-treatment of the fibroblasts with L-AA and TGF-β1
in the current study is demonstrating the same phenomenon. The treatment of the fibroblasts with
L-AA alone did not stimulate collagen production, as demonstrated in figure 2, indicating that it
is TGF-β1 that stimulates synthesis in this system. While these separate effects of TGF-β1 and
L-AA on collagen synthesis and deposition are well established in mammalian cardiac systems
(Eghbali et al., 1991), this is the first description of a cellular response to the combination of
these factors in cardiac fibroblasts from any fish species.
One common role of TGF-β1 in vertebrate tissues is to initiate cellular pathways involved
in tissue growth and remodeling. In the mammalian heart, TGF-β1 is produced in response to
increased physical stress on the myocardium and exerts its effects through an integral membrane
receptor (TGFβ-R1) that initiates a signaling cascade and leads to changes in the expression of
transcripts for MMPs and TIMP-2 in cardiac fibroblasts (Husse et al., 2007). While the role of
TGF-β1 in the heart of fish species has not before been documented, there is some evidence of its
importance in regulating other teleost cellular processes. This is due to the broad general role of
TGF-β1, which is ubiquitously expressed and therefore plays a number of important roles in
other systems. Recent work with zebrafish explant cultures demonstrates that TGF-β1 promotes
keratocyte migration, indicating its conserved role in cell motility across vertebrate species (Tan
et al., 2011). In the current study we found that TGF-β1 stimulated temporal changes in the
expression of mmp-9, mmp-2, timp-2, and col1a1 in trout cardiac fibroblasts, suggesting that
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collagen is dynamically regulated by TGF-β1 in fish hearts as well. This is supported by our
previous work that demonstrated that the decrease in collagen content in the zebrafish heart with
cold acclimation is accompanied by an increase in mmp-2, mmp-9 and timp-2 (Johnson et al.,
2014b). Such parallel changes in the expression of transcripts for MMPs and TIMP may help
provide control over changes in collagen deposition. Such control is important as Li et al. (Li et
al., 2002) have suggested, that an increase in the production of MMPs, without a
counterbalancing increase in TIMPs, leads to functional defects. In the current study, the increase
in mmp-9 at 24 hours was accompanied by an increase in timp-2, which if translated into protein
would prevent collagen degradation by blocking the enzymatic activity of mmp-9. The changes
in mmp and timp-2 gene expression observed prior to an increase in col1a1 in the current study
may indicate that preserving existing ECM collagen is prioritized to synthesizing new fibers.
Indeed, an increase in collagen was first detected at 72 h after TGF-β1 exposure, supporting a
delay in collagen synthesis. However, even without an increase in collagen production, a
decrease in the activity of MMPs caused by reduced levels of the protein, or an increase in
TIMP-2 production, can result in an increase in collagen deposition (Husse et al., 2007; Lee et
al., 1999; Lee et al., 2002; Li et al., 2001). For example, overexpression of TGF-β1 in a
transgenic mouse leads to an increase in TIMP-2 protein in the heart and this causes an increase
in interstitial collagen as well as a decrease in MMP activity (Seeland et al., 2002).
The concentration of human TGF-β1 used in the present study is within the range
measured in an infarcted rat heart (Sun et al., 1998), however it is not known how effective the
human cytokine is at interacting with trout TGFβ-R1. The amino acid sequence of human TGFβ1 shares 48% identity with trout TGF-β1, and the amino acid sequence of trout TGFβ-R1 shares
81% identity to the human isoform. These differences in sequences may translate into differences
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in binding affinity; however, since biological effects were apparent even with this limitation, we
are confident that endogenous TGF-β1 plays a role in ECM remodeling in the trout heart.

Activation of cardiac fibrosis
The change in gene expression characterized in the cultured cardiac fibroblasts in
response to TGF-β1 is quite similar to that quantified in the trout heart with cold acclimation.
Keen et al., (Keen et al., 2016) demonstrated that cold acclimation of trout caused an increase in
the expression of timp-2 and col1a3, as well as a decrease in the expression of mmp-2 and mmp13 in the heart. These changes in transcript abundance would support the increase in collagen
content characterized in this same study by increasing the synthesis of collagen and decreasing
the activity of MMPs (Keen et al., 2016). One critical trigger of TGF-β1 production and collagen
deposition in the mammalian heart is an increase in blood pressure. An increase in blood
pressure causes the endothelial cells to stretch, stimulating TGF-β1 production as well as the
activation of a cell-signaling pathway involving p38 MAPK, C-Jun N-terminal kinase (JNK1/2),
and extracellular regulated-kinase 1/2 (ERK1/2 [p42/44]) (Katsumi et al., 2004; MacKenna et al.,
1998).

The end result of both of these stretch triggered responses is the activation of

transcription factors regulating the expression of genes involved in cardiac remodeling and
regulating collagen deposition (Katsumi et al., 2004). These include collagen type I α1 (col1a1),
timp-2, mmp-2, mmp-9 and mmp-13 (Husse et al., 2007; Lee et al., 1999; Lee et al., 2002; Li et
al., 2001). This response of the myocardium to stretch is potentially relevant to identifying what
triggers cardiac remodeling in the trout heart. Previous authors have suggested that the trigger for
cardiac remodeling during cold acclimation is an increase in blood viscosity resulting from a
temperature-induced decrease in erythrocyte membrane fluidity (Graham and Farrell, 1989b;
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Keen et al., 2017; Klaiman et al., 2011). This would potentially lead to an increased load on the
heart and stretching of the myocardium (Graham and Farrell, 1989b; Keen et al., 2017; Klaiman
et al., 2011). Given that these same mechanical forces trigger TGF-β1 release in the mammalian
heart during pathological remodeling (Takahashi et al., 1994) and that TGF-β1 induces similar
cellular responses in cultured trout fibroblasts (present study), we propose that the reversible
ECM remodeling of trout hearts during thermal acclimation is mediated by TGF-β1.

Significance and Perspectives
This study demonstrates for the first time that TGF-β1 is involved in stimulating collagen
production by trout cardiac fibroblasts. Furthermore, the transcriptional changes in key
regulators of ECM collagen content in response to TGF-β1 treatment are quite similar to those
previously reported in studies of mammalian cardiac fibroblasts and in the trout heart during cold
acclimation (Eghbali et al., 1991; Keen et al., 2016). These results therefore suggest that the
cellular pathway responsible for cardiac fibrosis is conserved between fish and mammals. This
work also indicates that trout fibroblasts are a good model for examining the regulation of
cardiac connective tissue. The next step, using this model, is to identify the cellular mechanisms
that enable cardiac connective tissue to be removed from the trout heart, as occurs during warm
acclimation. Knowledge gained from such studies has the potential to be translated into novel
treatment modalities for cardiac fibrosis in humans.
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Table 2.1. Forward and reverse primer sequences used in quantitative real-time PCR to amplify
rainbow trout transcripts for matrix metalloproteinase 2 and 9 (mmp-2 and mmp-9), the tissue
inhibitor of metalloproteinase (timp-2), and collagen type Iα1 (col1a1). All reactions were run at
an annealing temperature of 60 °C.

Amplicon
Gene

Sequence (5’-3’)

Efficiency
R2

Accession
(bp)

(%)

F: GGGCAAGGGCTCTTTCAAGT
ef1α

188

AF498320

81

0.99

146

AY606030.1

80

0.99

78

AB021698.1

84

0.99

98

AJ320533.1

82

0.99

76

NM_001124177.1

80

0.99

R: CGCAATCAGCCTGAGAGGT
F: ACATTTTCCCTCCACGCGAT
timp-2
R: TTCTGCGATGTCTTCCACCC
F: AGACGCATAGACGCTGGCTAA
mmp-2

R:
GCAGGATAGGCTGGTTGGATAG
F: ACCCCTTCGATGGTAAGGAC

mmp-9
R: GGTCCAGTTTTCGTCATCGT
F: CCCGAGCCATGCCAGAT
col1a1
R: CGGATGTGTCCTCGCAGATAA
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Figure 2.12 The effect of TGF-β1 on collagen production and release from
cultured trout cardiac fibroblasts.

Panels A and C demonstrate absolute hydroxyproline in (A) cell pellets or (C) culture medium
after 24h, 48h and 72h of TGF-β1 treatment. Panels B and D display the average amount of
hydroxyproline produced per cell (pg/cell) after 24 h, 48 h and 72 h of TGF-β1 treatment.
Numbers indicate a significant effect of time on the amount of hydroxyproline produced within
control cells (p<0.05). Letters indicate a significant effect of time on the amount of
hydroxyproline produced per cell in the TGF-β1 treated group (p<0.05). *, significant effect of
TGF-β1 on hydroxyproline concentration between control and TGF-β1 treated cells (p<0.05). n
= 5 for ECM data, n=3 for cell medium data where each n represents a separate cell line
established from a single heart from different fish, and each n contains 8-15 technical replicates.
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Figure 13. The effect of TGF-β1 or L-AA treatment on collagen type 1 deposition in
cultured cardiac fibroblasts.
Cardiac fibroblast cultures were treated with medium alone (control), or medium containing
either L-ascorbic acid or TGF-β1 for 7 d, and collagen type 1 was quantified by Western blot and
densitometry. (A) Western blot image for collagen type 1 in fibroblasts from 3 different cell
lines, detected using rabbit polyclonal anti-salmon collagen type I, The first lane is the weight
ladder imaged at a different wavelength. (B) Mean collagen type 1 levels measured by
densitometry and standardized to the total amount of protein in the same lane. Differences in
collagen abundance were determined with a one-way ANOVA and post-hoc Bonferroni test (n =
3, p < 0.06).
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Figure 14. The effect of ascorbic acid and TGF-β1 on collagen type I production and
assembly.
Collagen type I assembly in response to TGF-β1 treatment was assessed by observing the
appearance of fibrils after 7d of treatment to TGF-β1 only (C, G), L-AA only (B, F), TGF-β1 and
L-AA simultaneously (D, H), as well as a control group (A, D). Cells were stained with
polyclonal rabbit anti-salmon collagen type I and counterstained with DAPI. Panels A-D are at
100 x magnification and panels E-H are the same cells as above but at 600 x magnification.
While collagen type I signal is high in TGF-β1 treated cells (C, G), fibril assemly is apparent
only in groups treated with L-AA (B, F, D, H). Asterisks (*) indicate individual nuclei,
arrowheads indicate assembled collagen fibrils, full arrows point at areas of high collagen
staining in TGF-β1 treated cells that would contribute to the overall increased collagen signal
apparent at 100 x magnification, and the circle denotes an area of dense ECM in a replicate that
was treated with both TGF-β1 and L-AA. Micrographs are representative images of one cell line
that was used for each of the treatments and imaged using the same exposure time for each
magnificantion. For the 100 x images this was 1.5 s for collagen (red) and for the 600 x images,
exposure time was 300 ms. Scale bars equal 50 um for 100 x and 20 um for 600 x. n=3.
101

Figure 15. The effect of TGF-β1 treatment on
the expression of genes involved in ECM
regulation in cultured trout cardiac
fibroblasts.
Panels A, B and C show the transcript
abundance for control and TGF-β1 treated
cells at 24 h, 48 h and 72 h post-treatment,
respectively. The amount of transcript in each
TGF-β1 group is relative to the control group,
which is set to 1 in each panel. mRNA level
for each gene was normalized to the transcript
abundance of elongation factor 1 alpha
(EF1α). *, a significant effect of TGF-β1
treatment on gene expression (p<0.05). n = 35.
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Supplemental figure S16 Validation of fibroblast cell origin.
Tissue from sectioned rainbow trout muscle tissue (A) and cultured cardiac fibroblasts (B)
stained with CD-31 antibody to determine presence or absence of endothelial cells. Muscle tissue
is presented at 200 x magnification whereas cells are imaged at 600 x. Cells did not give a
distinct CD-31 signal indicating the lack of endothelial cell marker presence. Scale bars = 50 µm
(A), 20 µm (B).
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Supplemental figure S17 Mycoplasma test.

Representative image of cultured fibroblasts cells stained with Hoechst 33258 stain for
mycoplasma. Image taken at 600 x water immersion. All lines were tested and none were
positive for mycoplasma (no nucleated particles surrounding fibroblast nucleus).
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Supplemental figure S18 Total protein stained by coomassie blue used to standardize
collagen type I.

Normalizing gel was run at the same time as gel used for Western blotted membrane with
identical volumes of protein from the same sample tubes.
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3.0 TRANSFORMING GROWTH FACTOR-BETA 1 (TGF-Β1) INDUCES THE
DIFFERENTIATION OF RAINBOW TROUT (ONCORHYNCHUS MYKISS) CARDIAC
FIBROBLASTS INTO MYOFIBROBLASTS

This chapter was published in the Journal of Experimental Biology on November 2, 2018:
Johnston, E. F. and Gillis, T. E. (2018). Transforming growth factor-beta1 induces
differentiation of rainbow trout (Oncorhynchus mykiss) cardiac fibroblasts into myofibroblasts. J
Exp Biol 221.
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Summary Statement: Repeated treatment of cultured trout cardiac fibroblasts with
physiological concentrations of human TGF1-ß induces the cells to transform into
myofibroblasts as well as stimulates their capacity to turnover extracellular collagen.
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Abstract
The collagen content of the rainbow trout heart increases in response to cold acclimation, and
decreases with warm acclimation. This ability to remodel the myocardial extracellular matrix
(ECM) makes these fish useful models to study the cellular pathways involved in collagen
regulation in the vertebrate heart. Remodeling of the ECM in the mammalian heart is regulated,
in part, by myofibroblasts which arise from pre-existing fibroblasts in response to transforming
growth factor-beta 1 (TGF-β1). We have previously demonstrated that treatment of cultured
rainbow trout cardiac fibroblasts with human TGF-β1 causes an increase in collagen production.
Here we show that repetitive treatment of rainbow trout cardiac fibroblasts with a
physiologically relevant concentration of human recombinant TGF-β1 results in a ~29-fold
increase in phosphorylated small mothers against decapentaplegic 2 (pSmad2); a 2.9-fold
increase in vinculin protein, a 1.2-fold increase in cellular size and a 3-fold increase in
filamentous actin (F-actin). These are common markers of the transition of fibroblasts to
myofibroblasts. Cells treated with TGF-β1 also had highly organized cytoskeletal alpha-smooth
muscle actin, as well as increased transcript abundances of mmp-9, timp-2, and col1a1.
Furthermore, using gelatin zymography, we demonstrate that TGF-β1 treatment causes a 5.3-fold
increase in gelatinase activity. Together, these results demonstrate that trout cardiac fibroblasts
have the capacity to differentiate into myofibroblasts and that this cell type can increase
extracellular collagen turnover via gelatinase activity. Cardiac myofibroblasts are, therefore,
likely involved in the remodeling of the cardiac ECM in the trout heart during thermal
acclimation.
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Introduction
Rainbow trout remain active in waters where temperatures vary seasonally between 4 °C and 21
o

C, indicating that the cardiovascular system remains functional across this range of

temperatures. Cold acclimation of trout results in an increase in muscle fibre bundle size within
the myocardium, as well as an increase in extracellular collagen deposition (Keen et al., 2016;
Keen et al., 2017; Klaiman et al., 2011). Conversely, warm acclimation of trout causes
ventricular atrophy and a decrease in extracellular collagen. It is thought that these changes to the
heart help to maintain cardiac function during large temperature changes (Keen et al., 2016;
Keen et al., 2017; Klaiman et al., 2011). This also suggests that trout living in a temperate
environment undergo annual cycles of myocardial ECM remodeling. In addition, the apparent
ease with which the collagen content of the trout heart changes in response to thermal
acclimation makes these animals potentially useful models to study the mechanisms regulating
connective tissue deposition and removal in the vertebrate heart under physiological conditions.
An important regulator of collagen deposition in the mammalian heart is the cytokine
transforming growth factor beta-1 (TGF-β1). TGF-β1 activates mitogen activated kinase
(MAPK) and small mothers against decapentaplegic (Smad) pathways, which translocates a
ligand signal into the nucleus via cofactors, activating transcriptional factors on genes, and
results in increased collagen protein in the ECM (Lee et al., 2002; Nakao et al., 1997; Nyati,
2012). We have recently demonstrated that the treatment of cultured rainbow trout cardiac
fibroblasts with TGF-β1 stimulates collagen deposition, suggesting that the role of this cytokine
in the heart is conserved in trout (Johnston and Gillis, 2017).
In the mammalian heart, a second role of TGF-β1 is to initiate the transformation process by
which fibroblasts become myofibroblasts (Vaughan et al., 2000). Myofibroblasts are
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intermediate to fibroblasts and smooth muscle cells, as this cell type is able to both produce
collagen, and contract, as a result of alpha smooth muscle actin (α-SMA) within in the
cytoskeleton (Lighthouse and Small, 2016). These capabilities allow myofibroblasts to close an
injury via contraction, and then establish a scar with deposited collagen (Darby et al., 2014). In
addition to expressing extracellular collagen, myofibroblasts also produce matrix
metalloproteinases (MMPs) (Darby et al., 2014). MMPs are a family of zinc-dependent
endopeptidases that are collectively able to digest all types of connective tissue (Visse and
Nagase, 2003a). By producing both collagen and MMPs, myofibroblasts play a critical role in
controlling, and remodeling, the myocardial ECM (Klingberg et al., 2013; Ma et al., 2014). For
example, during the onset of heart disease in mammals, myofibroblasts are thought responsible
for the increase in myocardial stiffness (Darby et al., 2014; Tomasek et al., 2002). As cold
acclimation increases the stiffness of the trout ventricle (Keen et al., 2016), it is possible that this
cell type also plays a role in this remodeling response (Gillis and Johnston, 2017). However, it is
not known if myofibroblasts can arise from pre-existing fibroblasts in the rainbow trout heart.
While studies of the regenerating zebrafish heart have demonstrated the presence of
myofibroblasts (Gonzalez-Rosa et al., 2011), no studies have examined the role of TGF-β1 in
regulating their phenotype.
In zebrafish, a population of myofibroblasts appears in the myocardium 3 d after cardiac injury,
and the number of these cells peaks at 21 d, then disappears by 90 d (Gonzalez-Rosa et al.,
2011). This suggests that these cells play a role in the regenerative process. Interestingly,
Chablais and Jazwinska (2012) demonstrated that blocking the TGF-β1 signal following cardiac
injury in zebrafish inhibits regeneration (Chablais and Jazwinska, 2012). This suggests that the
conversion of fibroblasts into myofibroblasts, likely triggered by TGF-β1, may be involved in
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cardiac regeneration. Furthermore, TGF-β1 induces a transient matrix of collagen types I and XII
during zebrafish cardiac regeneration, indicating that this cytokine plays a role in the reparative
process (Marro et al., 2016). However, there is limited data demonstrating that TGF-β1 induces
fibroblasts to differentiate into myofibroblasts in any fish cell line.
The hypothesis that will be tested in the current study is that TGF-β1 stimulates the conversion
of trout cardiac fibroblasts into myofibroblasts. To test this hypothesis, we treated cultured trout
cardiac fibroblasts with TGF-β1 and then examined a number of molecular and cellular
responses that are indicative of their conversion into myofibroblasts. We specifically measured
the activation of the Smad2 pathway, changes in cellular morphology, the gene transcripts and
enzymatic activity of MMPs, as well as the expression of F-actin, α-SMA and vinculin, an actin
anchoring protein.

Methods
Cell culture
Fibroblast cells were isolated from male rainbow trout ventricles and kept under conditions as
previously described (Johnston and Gillis, 2017). Four cell lines, generated from the cardiac
ventricles of four different fish, were maintained at 21°C in Leibovitz’s L-15 medium with 1%
penicillin-streptomycin, 1% amphotericin B and 10% fetal bovine serum (FBS), hereafter
referred to as whole medium, and split 1:2 during passaging. Fibroblasts used in the experiments
described below were between passages 17 and 22. Experiments were conducted with an n of
three, this means that three of the four cell lines were used in each experiment.
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Inducing fibroblast differentiation
Fibroblasts were treated with TGF-β1 as described by Khouw et al. (Khouw et al., 1999) to
determine if this cytokine causes rainbow trout fibroblasts to differentiate into myofibroblasts. In
brief, 3 x 104 – 1 x 105 cells were grown on acid-etched coverslips or ~2 x 106 cells were grown
in 75 cm2 flasks and exposed to 15 ng ml-1 TGF-β1 (R&D Systems, Minneapolis, United States)
for 7 d (Khouw et al., 1999). TGF-β1 was replenished every other day, i.e. 0, 2, 4, 6 to maintain
activation of the differentiation pathway (Khouw et al., 1999). The second treatment group was
cells that were treated with 15 ng ml-1 basic fibroblast growth factor (bFGF; Invitrogen,
Carlsbad, United States) on the same days that TGF-β1 was added to the first treatment group.
FGF inhibits differentiation and was therefore used as a comparison with the cells treated with
TGF-β1 (Jester et al., 1996; Khouw et al., 1999; Mattey et al., 1997; Ronnov-Jessen and
Petersen, 1993).

Immunocytochemistry
After 7 d, cells were fixed in 4% paraformaldehyde and permeabilized with phosphate buffered
saline (PBS) + 0.1% Tween20 (Fisher Scientific, Hampton, United States) (PBST) and blocked
with 1% goat normal serum in PBST for 1h before application of 1:500 monoclonal mouse antialpha-smooth muscle actin (Sigma-Aldrich, St. Louis, United States, product #A2547) overnight
at 4 °C. The next day, cells on coverslips were washed and 1:500 polyclonal goat anti-mouse
Alexa Fluor 488 (ThermoFisher Scientific, Waltham, United States, product# A10680) was
added for 1h at room temperature.
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Filamentous actin staining
For total filamentous actin (F-actin) visualization, the cells were stained with 100 nM acti-stain
488 phalloidin (Cytoskeleton Inc., Denver, United States, product #PHDG1) for 30 min and
counterstained with 1 µM DAPI (Sigma-Aldrich), mounted in ProLong Gold Antifade Mountant
(ThermoFisher Scientific) and sealed with clear nail polish.

Western blotting/phospho-blotting
Cells in the control and treatment groups were washed with 5 ml PBS, then 200 µl
radioimmunoprecipitation assay (RIPA) buffer containing 1 µmol·l-1 phenylmethane sulfonyl
fluoride (PMSF, Sigma) and phosphatase inhibitors (50 mM sodium fluoride, 5 mM sodium
pyrophosphate and 5 mM sodium orthovanadate), then incubated on wet ice for 5 min. Cells
were removed from flasks by scraping and then transferred to a 1.5 ml Eppendorf tube and
homogenized by being repeatedly flushed through a needle and syringe, on ice. The lysate was
then maintained at 4 °C with gentle agitation for 30 min, centrifuged for 20 min at 20 000 g, and
the supernatant was reserved and measured for protein content using a bicinchoninic acid (BCA)
assay (Bio-Rad, Hercules, United States). A 20-30 µg sample of protein was loaded into the lane
of a 6% (vinculin, collagen) or 12% (pSmad2, Smad2) polyacrylamide gel and run at 160 V for
~1-1.5 h. Proteins were electro-blotted onto a polyvinylidene fluoride membrane with wet
transfer at 30 V for 16 h at 4°C, blocked in either 5% skim milk powder or 5% bovine serum
albumin (BSA; Bioshop, Burlington, Canada) in Tris-buffered saline with 0.1% Tween 20
(TBST) (hereafter referred to as blocking buffer) for 1 h at room temperature then incubated in
1:1000 monoclonal mouse anti-vinculin (R&D Systems, product #MAB6896), 1:1000 polyclonal
rabbit anti-salmon collagen type I (Cedarlane, Burlington, Canada, product #CL50171AP), or
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goat 1:1000 monoclonal rabbit anti-pSmad2(Ser465/467)/Smad2 (Cell Signaling Technology,
Danvers, United States, product #138D4/D43B4) in blocking buffer plus 0.05% sodium azide
overnight at 4°C. The next day, blots were incubated in goat anti-mouse biotinylated secondary
or goat anti-rabbit IgG-HRP secondary antibody buffer (Santa Cruz Biotechnology, Dallas,
United States) at a dilution of 1:1000 in blocking buffer. After removal of biotinylated secondary
antibody, a Vectastain kit (Vector Labs, Burlington, Canada) diluted in blocking buffer was used
to conjugate HRP prior to visualization. An Amersham ECL Plus detection kit (GE Healthcare,
Chicago, United States) was used as per the manufacturer’s instructions to induce
chemiluminescence, which was subsequently visualized with the ChemiDoc MP imaging system
(Bio-Rad). Data from blots were compared with whole protein content by running a parallel gel
of identical protein and loading volumes and staining with Coomassie Blue (Bio-Rad) to
quantify total protein of samples (Eaton et al., 2013). An inter-assay control composed of several
randomly selected samples was run in every gel to ensure that blots were comparable; the
densitometry of this control did not vary from membrane to membrane.

Quantification of cellular size and total filamentous actin
Images of cells post-treatment were imaged using a Nikon Eclipse 90i microscope equipped with
a 12-bit colour digital camera (Q-Imaging). Coverslips with phalloidin-stained cells were
separated into 9 distinct regions and pictures of cells were randomly acquired within each region.
Exposure time for phalloidin or DAPI filters were identical for all slides. The DAPI and
phalloidin-actin images were first overlaid to determine where whole cells were present in the
field of view (F.O.V.). Images with only actin fluorescent present were converted to 8-bit
(greyscale) and regions of interest (R.O.I.s) containing individual or clusters of cells were
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selected based on several criteria including: 1) the cells are wholly intact e.g. nuclei and
cytoskeletons undamaged; 2) no part of the cell was outside the F.O.V.; and 3) the boundaries of
the cell(s) was discernible so that R.O.I.s contain an accurate actin content measurement. A box
was drawn just beside the R.O.I. and measured for background fluorescent noise, which was
used to correct the mean grey value (M.G.V.) for each R.O.I. Actin quantification is expressed as
background-corrected M.G.V per cell within the R.O.I. The average area (µm2) of the cells was
also quantified as myofibroblasts are larger than regular fibroblasts (Masur et al., 1996; Sun and
Weber, 1996). This measurement involved dividing the total area of the R.O.I. by the number of
cells within the R.O.I. The fluorescence of each cell was also divided by the area of the cell to
determine the relative fluorescence per µm2.

Gelatin zymography
MMP activity was assessed using a modified protocol from (Lodemel and Olsen, 2003). In brief,
fibroblasts were grown in 75cm2 flasks and kept in normal whole medium, or treated repetitively
with bFGF or TGF-β1 for 7d. After this time, fibroblasts were incubated in L-15 medium
without FBS for 24h, as serum contains gelatinases that would interfere with accurate
endogenous MMP activity. Spent medium was reserved so that MMP activity could be later
determined, and then cells were collected from the flasks by adding lysis buffer with protease
inhibitors (50mM Tris-HCl, pH 7.4; 10mM CaCl2; 0.05% Brij 35; 0.2 g·l-1 NaN3; 1mM PMSF;
1mM benzamidine) to the flask followed by scraping. Samples were diluted 10-fold for protein
measurement using a BCA assay. 20 µg of total non-reduced and non-heated protein was
dissolved in modified Laemmli buffer (62.5 mM Tris-HCl, pH 6.8, 40 g·l−1 SDS, 250 ml·l−1
glycerol and 10 g·l−1 bromophenol blue) (Lodemel and Olsen, 2003) and then loaded into the
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lanes of a 9% polyacrylamide gel co-polymerized with 0.2% (w/v) gelatin. This gel was run for
1.5 h at 150V at 4 °C alongside a regular 9% polyacrylamide gel with identical samples. The
samples in the regular polyacrylamide gel served as a normalization standard (Eaton et al.,
2013). Once run, the gelatin-polyacrylamide gels were washed 3 x for 20 min each in 2.5 %
Triton X-100 at room temperature. These gels were then incubated in renaturing buffer (50 mM
Tris-HCl, pH 8.0, 10 mM CaCl2, 0.2 g·l−1 NaN3, and 1.0 µM ZnCl2) for 36 h at 38 °C (Lodemel
and Olsen, 2003). The next day, gels were stained in 1.0 g·l−1 Coomassie Brilliant Blue in 450
ml·l−1 methanol and 100 ml·l−1 acetic acid and destained in 100 ml·l−1 methanol and 100 ml·l−1
acetic acid (Lodemel and Olsen, 2003). Zymogram gels and total protein gels were imaged in a
ChemiDoc MP imaging system (Bio-Rad) under Coomassie settings.

Quantitative real-time PCR
The transcript abundance of genes associated with connective tissue regulation was quantified in
cardiac fibroblasts after 7 d treatment with bFGF or TGF-β1, or control. Total RNA was
extracted from fibroblasts using Trizol (ThermoFisher Scientific) on ice according to the
manufacturer’s instructions and quantified using a Nanodrop 8000 (ThermoFisher Scientific). A
1 μg sample of total RNA was treated with DNase I (Sigma) and used to synthesize cDNA with
the High Capacity cDNA Synthesis Kit (ThermoFisher Scientific) following the manufacturers’
instructions. Duplicate cDNA reactions in which the Multiscribe RT enzyme was omitted were
included for 10% of total samples, chosen randomly, to verify the efficacy of the DNase
treatment. Transcript abundance was measured in duplicate reactions on a CFX96 Real-Time
PCR Detection System (Bio-Rad) using default cycling conditions and a dissociation cycle. Each
15 µl reaction contained 1×Power SYBR Green Master Mix (ThermoFisher Scientific), 200
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nmol of each gene-specific primer (Table 1) and 1:15 v:v cDNA. Custom oligos for col1a1,
timp-2, mmp-2 and β-actin were designed using Primer3. The sequence of the gene-specific
primers for mmp-9 was that used by Keen et al. (2016). All reactions generated a single-peaked
dissociation curve at the predicted amplicon melting temperature. The mRNA abundance was
quantified by fitting the threshold cycle to the antilog of standard curves prepared from serially
diluted cDNA. Isoform transcript abundance was normalized to the mRNA abundance of betaactin (β-actin). The transcript level of this housekeeping gene did not change in response to TGFβ1 or bFGF treatment. All primers used had an efficiency of 80–110%. All non-reverse
transcribed control samples failed to amplify.

Statistical analyses
All data were initially subjected to a Shapiro-Wilk test for normality. Any data that failed to
meet normality were log-transformed prior to analysis. All data were tested with a one-way
ANOVA and post-hoc Bonferroni correction where significance at 95% confidence was detected
for both tests. The n-value for Western blots, zymography and qPCR represents either
established fibroblasts from the hearts of different fish, or a fibroblast line from the same fish
maintained in separate passages, cryopreserved on a different passage number and day, and
thawed for experiments on different days. The n-value for immunocytochemistry image analysis
represents one individual cell from one of three cell line, except for the F-actin stained cells,
where averages are representative of n=80-110 individual cells examined.
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Results
Smad2 activation
The level of Smad2 phosphorylation in the TGF-β1 treated cells was 28.6-fold greater than that
of control cells, and 17-fold greater than that of bFGF treated cells (P<0.05, fig. 1). There was no
difference in the level of Smad2 phosphorylation between control and bFGF treatments (P>0.05,
fig. 1). Total Smad2 protein was unchanged between all three groups (P>0.05, fig. 1A).

Effect of TGF-β1 treatment on actin and cell size
In comparison to control (fig. 2A), fibroblasts treated with bFGF appeared to be numerous (fig.
2B). Fibroblasts treated with TGF-β1 had large cytoskeletons with dense F-actin fluorescence
(fig. 2C). Repetitive treatment of fibroblast cultures with TGF-β1 induced an increase in total Factin content per cell (fig. 2D) and an increase in average cell size (fig. 2E) (P < 0.05). The
average amount of actin per cell in the TGF-β1 treated fibroblasts was 58% and 75% greater than
that of bFGF treated and control cells, respectively (P<0.05, fig. 2D ). Cells treated with bFGF
expressed 42% more actin per cell than the control cells (P<0.05, fig. 2D). Fibroblast size
increased after TGF-β1 and bFGF treatment by 20% and 14%, respectively, relative to controls
(P<0.05, fig. 2E). Finally, F-actin expression per unit area was 67% and 55% greater in cells
treated with TGF-β1 then in control cells and those treated with bFGF, respectively (P<0.05; fig,
2F).

Effect of TGF-β1 treatment on α-SMA
All cells expressed detectable levels of α-SMA. Epifluorescence of α-SMA at low magnification
(100x – 400x) was minimal (10 s exposure time) and difficult to quantify. However, water
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immersion at 600x magnification permitted visualization of structural α-SMA. Control cells
exhibited a very diffuse α-SMA signal, and there was some evidence of structural α-SMA (fig.
3A), but not to the same extent as cells treated with TGF-β1. bFGF treated cells appeared to have
high levels of α-SMA, but it was a highly diffuse signal and much of the fluorescence was likely
the result of the aggregation of large numbers of fibroblasts in that treatment group (fig. 3B).
Fibroblasts treated with TGF-β1 expressed large amounts of structural α-SMA (fig. 3C).

Vinculin and collagen
TGF-β1 treatment caused vinculin protein to increase by 2.9-fold relative to control cells and 3fold relative to cells incubated in bFGF (P<0.05; fig. 4A). There was no effect of bFGF treatment
on vinculin production in cardiac fibroblasts, compared to control (P>0.05). There was no effect
of either TGF-β1 or bFGF treatment on the level of collagen type I when compared to the control
group (P>0.05, fig. 4B).

MMP activity
In cells that had undergone apparent differentiation with the addition of TGF-β1, there was a 5.3fold increase in gelatinase activity at the cleaved MMP site (~60kDa) (P<0.05, fig. 5B). bFGF
did not affect gelatinase activity. Gelatinase activity in the medium from treated and control cells
was not affected by treatment (P>0.05, fig 5. C). It is not known if the gelatinase activity is from
MMP-2, MMP-9 or a combination of the two, as these two proteins only differ by ~2kDa in
molecular weight. This difference was not distinguishable on the gels.
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Expression of key collagen remodeling genes
The transcript abundance of mmp-2 decreased by 43.7% in bFGF-treated cells (P<0.05, fig. 6)
but did not change with TGF-β1 treatment. bFGF and TGF-β1 treatment upregulated mmp-9
expression by 4.2 and 3.1-fold, respectively. These increases in transcript abundance were
significantly greater than control cells (P<0.05), but the difference in mmp-9 expression was not
different between bFGF and TGF-β1 treated cells (P>0.05). The expression of timp-2 was
increased by 2.3-fold with bFGF treatment and by 2.5-fold with TGF-β1 treatment (P<0.05). The
transcript abundance of col1a1 was increased by 1.4-fold with TGF-β1 treatment, but was not
affected by bFGF treatment (P<0.05).

Discussion
This is the first study demonstrating that TGF-β1 treatment can cause cardiac fibroblasts from a
fish species, to transform into apparent myofibroblasts. The results of this study also suggest that
myofibroblasts, derived from fibroblasts, in response to TGF-β1, could be integral to the
remodeling of the fish heart. The phosphorylation of Smad2 and subsequent increase in vinculin,
gelatinase activity, structural α-SMA as well as total filamentous actin demonstrate that the
response of fish fibroblasts to TGF-β1 could be similar to that characterized in fibroblasts from
mammalian species. In addition, given what is known about the role of myofibroblasts during
remodeling in mammalian hearts, the results of this study indicate that quantifying the presence
and activity of myofibroblasts in the trout heart during thermal acclimation is a viable new
endpoint to characterize the cardiac remodeling response. This study also establishes the use of
pSmad2 and vinculin as markers for the activation of the TGF-β1 pathway, which has not yet
been examined in vivo in the rainbow trout heart. Finally, the use of fish cell lines in this
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research has provided novel insight into the role of TGF-β1 in regulating the activity and fate of
cardiac fibroblasts in the fish heart, and also demonstrates the usefulness of cell culture studies in
characterizing critical cellular pathways.

Smad2 activation
Smad2 is directly linked to the TGF-β1 receptor in that it becomes phosphorylated in response to
TGF-β1 binding and translocates to the nucleus, leading to changes in gene expression (Nyati,
2012). The change in gene expression patterns observed in the current study are similar to that
previously reported (Johnston and Gillis, 2017), in that there was an increase in expression of
mmp-9, timp-2, and col1a1 transcripts in response to TGF-β1. However, we have previously
demonstrated that TGF-β1 treatment of trout cardiac fibroblasts caused a decrease in mmp-2
(Johnston and Gillis, 2017), while in the current study there was no change in mmp-2 expression.
Furthermore, in our previous study, we found an increase in collagen type I protein (Johnston
and Gillis, 2017) in TGF-β1 treated trout cardiac fibroblasts, but no change in cell morphology,
while in the current study there was no increase in collagen but a change in cell morphology.
One explanation for the different results between these two studies is that there is a dosedependent response of the fibroblasts to TGF-β1, with a single dose promoting collagen
synthesis, and repetitive doses triggering differentiation. This may have to do with the level of
Smad2 phosphorylation which was not previously examined, but would be an important next
step for future studies examining where the threshold between collagen synthesis and
degradation occurs in response to TGF-β1. In the mammalian heart, an increase in Smad2
phosphorylation can occur during pressure-induced cardiac remodeling in response to
hypertension and/or myocardial infarction (Bjornstad et al., 2012; Euler-Taimor and Heger,
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2006; Xia et al., 2009). It has been suggested that the workload on the trout heart increases
during cold acclimation as a result of an increase in vascular resistance caused by an increase in
blood viscosity (Farrell, 1984; Graham and Farrell, 1989a; Graham and Fletcher, 1985). Such an
increase in workload has the potential to increase the biomechanical forces on the myocardium,
and as a result, trigger an increase in TGF-β1 production by the trout fibroblasts (Johnston and
Gillis, 2017). In the current study, we demonstrate that TGF-β1 treatment causes an increase in
Smad2 phosphorylation. Since TGF-β1 protein is difficult to quantify in vivo due to its transient
nature, pSmad2 may be a suitable proxy in future studies that investigate whether TGF-β1
signaling increases in the trout myocardium during cold acclimation.

Effect of TGF-β1 and bFGF on cellular morphology and protein expression
Only cells treated with TGF-β1 contained multiple strands of highly organized, striated α-SMA
in the cytoskeleton. This feature was the most obvious indication of myofibroblast
differentiation. Other evidence of myofibroblast differentiation, caused by TGF-β1 treatment,
was the increase in vinculin, a protein that anchors intracellular actin filaments to the
extracellular domain so as to maintain the integrity of the connections bridging intracellular
components and the ECM. This response is likely linked to the increase in contractile α-SMA,
where the presence of vinculin would be necessary for maintaining cellular adhesion in the face
of increased mechanical force within an intact heart. Experiments with rats demonstrate that
vinculin levels in the cardiac fibroblasts increase in response to mechanical overload of the heart
(Sharp et al., 1997). If cold acclimation causes fibroblasts in the trout heart to be exposed to
greater mechanical force, then an increase in vinculin protein would be indicative of the cellular
response to this physiological stressor.
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Both TGF-β1 and bFGF increased the total area occupied by individual cells; however
only TGF-β1 increased both cell size as well as the amount of F-actin in the cells. This suggests
that treatment with TGF-β1 results in more actin per cell, which could contribute to elevated
contractile function (Dominguez and Holmes, 2011). Furthermore, myofibroblasts are also larger
in vitro as well as in vivo, and are present in the hypertrophied mammalian heart. It would
therefore be of interest to determine whether they are present in the remodeled trout myocardium
(Herum et al., 2017b).
In the current study, the increase in the size of the fibroblasts treated with bFGF may be
attributed to the increase in filopodia branching and length associated with bFGF treatment, as
has been demonstrated in artery, neuron and airway development (Fernandez et al., 2000;
Placzek and Skaer, 1999; Szebenyi et al., 2001). bFGF also plays an important role in wound
healing and remodeling, where its signal stimulates angiogenesis and inhibits myofibroblast
differentiation in the heart (Fedak et al., 2012; Shao et al., 2006; Wang et al., 2016). Since
rainbow trout cardiac fibroblasts responded to bFGF in this study, it is possible that this signaling
factor also plays a role in the trout heart during thermal acclimation.

MMP activity and gene expression
Our result demonstrating a lack of change in the level of collagen type I in cells treated with
TGF-β1 is in conflict with previous studies demonstrating that mammalian myofibroblasts
treated with TGF-β1 increase collagen protein expression (Baum and Duffy, 2011; Hinz, 2007).
This finding prompted the measurement of MMP activity, because while collagen may have been
produced in greater quantity in differentiated cells, it could also have been hydrolyzed at the
same rate. The 5.3- fold increase in ~60kDa gelatinase activity in TGF-β1 treated cells could be
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responsible, at least in part, for the lack of change seen in collagen protein, despite an increase in
col1a1 expression. Enhanced MMP-2 activity in cardiac myofibroblasts has been demonstrated
in the post-infarct mammalian heart (Riches et al., 2009; Turner and Porter, 2012). While
gelatinases do not typically cleave the collagen triple helix directly, their activity is indicative of
matrix degradation during the remodeling process (Riley et al., 2002). As MMP-2 and MMP-9
are of similar molecular weight in trout it is not known which of these is responsible for the
measured increase in gelatinase activity. bFGF treatment decreased mmp-2 expression, whereas
TGF-β1 increased the transcript abundance of mmp-2. Furthermore, the treatment of cells with
bFGF and TGF-β1 caused an increase in the expression of timp-2. In the cell, TIMP-2 complexes
with inactive proMMP-2 to aid in forming the active cleaved MMP-2 enzyme (Wang et al.,
2000). Thus, it is possible that the observed enzyme in our study was MMP-2 if TIMP-2 acted as
an activator in the TGF-β1-treated cells. Furthermore, MMP-2 can sometimes degrade native
collagen type I, which could also explain why there was a decrease in this protein in cells treated
with TGF-β1 (Messaritou et al., 2009).

Significance and perspectives
The remodeling of organs and tissues in vivo is a highly complex and tightly regulated process
(Li and Weisel, 2014; Lu et al., 2011). The increase in cardiac collagen that occurs in the trout
heart with cold acclimation may not result from a simple increase in collagen synthesis, but also
require the breakdown of existing ECM via MMP activity to ensure that the resulting
biomechanical properties of myocardium are functionally appropriate. Furthermore, it is not
known if cold acclimation causes a change in the type of collagen (type I vs. type III) expressed
in the rainbow trout heart. We have recently demonstrated that cold acclimation of zebrafish
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causes a decrease in the amount of thick collagen (type I) fibres, resulting in a higher thin:thick
fibre ratio as well as a decrease in total collagen (Johnson et al., 2014a). This large scale change
would require the breakdown of pre-existing collagen, possibly as a result of MMP activity. The
results of the current study suggest that myofibroblasts, derived from fibroblasts, in response to
TGF-β1, could be integral to this transformative process. In addition, these studies help to
establish the utility of using the trout heart, as well as fish heart cell lines, as models to study
cardiac ECM remodeling in vertebrates so as to gain further insight into this complex phenotypic
response to a change in physiological conditions. Finally, among vertebrates, several cell types,
in addition to fibroblasts/myofibroblasts, participate in this process. One such cell type in the
mammalian heart are endothelium cells, which produce endothelin that in turn regulates cardiac
fibrosis (Hocher et al., 1999). Recently a heart endothelial cell line, ASHe, was established from
the Atlantic salmon (Pham et al., 2017). A future study that integrates these cells with the
fibroblasts used in the current study, would enable a more complex investigation of the cellular
interactions that regulate cardiac remodeling of fish.
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Figures and legends
Table 3.1. Forward and reverse primer sequences used in quantitative real-time PCR to amplify
rainbow trout transcripts for matrix metalloproteinase 2 and 9 (mmp-2 and mmp-9), the tissue
inhibitor of metalloproteinase (timp-2), and collagen type I α1 (col1a1).
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Gene

Sequence (5’-3’)

Amplicon

Accession no.

Efficiency

R2

(%)
β-actin

F: ACACCCGACTACCACTTCAG

96

AF157514.1

84

0.99

78

AB021698.1

95

1

98

AJ320533.1

100

0.99

57

AY606030.1

102

0.99

76

NM_001124177.1

90

0.99

R: GACTGAGAAGCTGGGTTTGG

mmp-2

F: AGACGCATAGACGCTGGCTAA

R: GCAGGATAGGCTGGTTGGATAG

mmp-9

F: ACCCCTTCGATGGTAAGGAC

R: GGTCCAGTTTTCGTCATCGT

timp-2

F: AGCGCCCCAGAGGAGTGT

R: ACCGCTGTGGCTCTTTTCC

col1a1

F: CCCGAGCCATGCCAGAT

R: CGGATGTGTCCTCGCAGATAA
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Figure 19 The effect of bFGF and TGF-β1 on Smad2 phosphorylation in cultured trout cardiac
fibroblasts.
Cardiac fibroblast cultures were treated with medium alone or medium containing 15 ng·ml -1 bFGF or
15 ng·ml-1 TGF-β1 repetitively for 7 days and total Smad2 and phosphorylated Smad2 were quantified
using Western blot and densitometry. (A) Representative Western blot image for pSmad2 and Smad2
acquired from the same cell line. This experiment was repeated three times with different cell lines
(from different fish) and both Smad2 and pSmad2 blots were acquired from the same membrane. The
images here are a composition of blots from the specific HRP-conjugated antibody and Cy5 ladder
image, resulting in a dark grey background. The 75 kDa marker became dark after membrane stripping.
(B) Mean pSmad2 and Smad2 levels measured by densitometry and standardized to total protein.
Phosphorylated Smad2 was first standardized to total Smad2 before normalizing to total protein
(supplementary figure S1). Differences were detected using a one-way ANOVA with post-hoc
Bonferroni correction. Different letters denote an effect of treatment on phosphorylation level of
Smad2, relative to control (P<0.05). Note the large break on the y-axis. The n for each experiment is 3,
with each n being a protein sample extracted from cultured cells derived from a different trout
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ventricle.

Figure 20 Morphological changes in trout cardiac fibroblasts treated with bFGF or TGF-β1.

(A-C) Representative micrographs showing fibroblasts at 100 x magnification, stained for total
filamentous actin after 7d incubation in control medium, or medium containing bFGF or TGFβ1. Cells were stained with Alexa 488-conjugated phalloidin for 30min, and counterstained with
DAPI. Cell area, total F-actin and F-actin per µm2 of cell were quantified using densitometry.
(D) Mean F-actin signal per fibroblast, (E) mean area of fibroblasts and (F) mean F-actin per unit
area of cell. Letters denote significance at α=0.05. n=80-100 individual cells from three cell lines
generated from three different fish.
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Figure 21. The effect of bFGF and TGF-β1 treatment of trout cardiac fibroblasts on alphasmooth muscle actin.
(A-C) Micrographs of cardiac fibroblasts at 600 x magnification treated with bFGF and TGF-β1,
and stained for alpha-smooth muscle actin protein (α-SMA) specifically. α-SMA signal was
weak at 100 x-400 x magnification (barely detectable under exposure settings >10s) and could
not be quantified as F-actin was, however α-SMA could be visualized under 600 x water
immersion. (A) Fibroblasts maintained in control medium demonstrated slight α-SMA
organization (white arrowheads) coupled with diffuse signal. (B) bFGF treated fibroblasts did
not possess any structural α-SMA, but aggregated in high numbers with diffuse actin signal. (C)
Fibroblasts treated with TGF-β1 demonstrated multiple highly organized α-SMA filaments
spanning the cells (white arrowheads). The n for each experiment is 3, with each n being a
protein sample extracted from cultured cells derived from a different trout ventricle.
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Figure 22. The effect of TGF-β1 and bFGF treatment of trout cardiac fibroblasts on
vinculin and collagen protein expression.
The fibroblast cultures were treated with medium alone or medium containing 15 ng·ml-1 bFGF
or 15 ng·ml-1 TGF-β1 repetitively for 7 days and vinculin and collagen were quantified by
Western blot and densitometry. (A) Western blot images of vinculin and collagen proteins from
three cell lines from the ventricles of three different fish, treated with either bFGF or TGF-β1
and detected with mouse anti-vinculin or rabbit anti-salmon collagen type I antibodies. Blots are
from membranes acquired from two different gels that separated the same samples. (B) Mean
vinculin and collagen levels were measured by densitometry and standardized to total protein in
the same sample. Differences were detected using a one-way ANOVA with post-hoc Bonferroni
correction. Bars labelled with different letters are significantly different at α=0.05.
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Figure 23 Gelatin zymograms showing the influence of bFGF and TGF-β1 treatment on
the presence and activity of gelatinases in trout cardiac fibroblast cultures.

Spent, undiluted medium and protein extracted from pelleted cells treated on alternating days
with bFGF and TGF-β1 for 7d were ran on a 9% polyacrylamide gel with 0.2% w/v gelatin under
non-heated, non-reducing conditions. Enzymes were renatured in 2.5% Triton X-100 and
allowed to digest gelatin in the gel for 36h at 38 °C in incubation buffer containing zinc. (A)
Resulting gels stained with Coomassie, where bands are sites of cleaved gelatinase digestion and
relative activity was quantified using densitometry analysis. The upper panel shows MMP
activity from cell pellets, while the lower panel is from medium samples. (B,C) Quantification of
gelatinase activity relative to total protein in the same lane in (B) cell pellets and (C) whole
medium. Letters denote a significant effect (P<0.05) of treatment on gelatinase activity. The n
for each experiment is 3 with each n being a different population of cells, thawed from a
different cryovial on a different day.
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Figure 24. The effect of bFGF and TGF-β1 treatment of trout cardiac fibroblasts on the
expression of genes involved in ECM regulation.

Transcript abundance for control, bFGF and TGF-β1-treated cells after 7d of treatment. The
amount of transcript (mmp-2, mmp-9, timp-2, col1a1) in bFGF and TGF-β1 groups are relative
to the control group, which is set to 1 for each gene. mRNA level for each gene was normalized
to the transcript abundance of beta-actin (β-actin). Letters denote a significant effect (P<0.05) of
treatment on transcript abundance, relative to control. The n for each experiment is 3, with each
n being a different population of cells, thawed from a different cryovial on a different day.
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Supplemental figure S25 Total protein gels for Western blots

Gels run with identical samples as in Western blot figures, stained with Coomassie blue. The
specific cell line from an individual fish is indicated above each gel, along with the antibodies
used in the associated blot. A) three cell lines from male Rainbow Trout Ventricle were used on
separate gels to quantify psmad2 and smad2, and the inter-assay control is in lane 5. B) All three
lines were run on a single gel/blot for both vinculin and collagen proteins.
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Supplemental figure S26 Zymography gels

Images showing whole zymogram gels, as well as total protein gels used for normalization. A,
D) Zymograms for cell pellet and medium samples, respectively, under default exposure settings.
Human MMP-2 standard (10ng total) is in lane 1. B,E) Zymograms for cell pellet and medium
samples, respectively, under adjusted exposure settings that make samples more clear (as
presented in fig. 5), but MMP-2 standard is overexposed (lane 1). C, F) total protein gels used for
normalization. G) Zymogram with molecular weight ladder (lane 1) ran with human MMP-2
standard (lanes 2, 9) and a random selection of samples from trout.
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Abstract
Cold acclimation of rainbow trout causes an increase in collagen deposition into the extracellular
matrix (ECM) of the myocardium. It has been suggested that a decrease in physiological
temperature increases cardiac workload, and that this translates to an increase in mechanical
stress on cardiac cells. In the current study, we test the hypothesis that increased stretch of
cardiac fibroblasts triggers collagen deposition by stimulating the phosphorylation of mitogen
activated protein kinases (MAPKs). Cultured rainbow trout ventricular fibroblasts were
cyclically stretched to 10% equibiaxial deformation at 20Hz and then sampled after 10min,
20min and 24h. After 20 min, p38 MAPK phosphorylation was elevated by 4.2-fold compared to
control cells (P<0.05). After 24h of stretch, p38 MAPK phosphorylation remained elevated and
extracellular-regulated kinase 1/2 was phosphorylated by 2.4-fold compared to control (P<0.05).
Together, these results suggest that ECM remodeling in the trout heart is initiated by increased
mechanical forces on the myocardium.
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Introduction
Rainbow trout are ectothermic, yet are able to remain active in temperate waters that range
between ~20 oC in summer to ~4 oC in winter. This is impressive because an acute change in
temperature impairs both the active and passive properties of the vertebrate heart, such as the
reduction in rate and strength of contraction as a result of decreased Ca2+ sensitivity of the
myofilament due to cold temperatures (Gillis and Tibbits, 2002). The trout heart is able to
compensate for changes in environmental temperatures due to an integrative compensatory
response (Keen et al., 2017; Klaiman et al., 2011). For example, cold acclimation of trout causes
an increase in the Ca2+ sensitivity of the cardiac myofilament, cardiac hypertrophy, as well as
changes to cardiac morphology and composition (Keen et al., 2016; Keen et al., 2017; Klaiman
et al., 2011). More specifically, cold acclimation causes an increase in deposited collagen in the
extracellular matrix (ECM) of the trout myocardium (Keen et al., 2016; Klaiman et al., 2011).
This is interesting because a significant increase in collagen deposition in the mammalian heart is
associated with a pathological condition that is permanent and results in diastolic dysfunction
(Burchfield et al., 2013; Zeisberg et al., 2007). Comparatively, the increase in collagen content in
the trout heart with cold acclimation is associated with an increase in function and is reversible
(Keen et al., 2016; Keen et al., 2017; Klaiman et al., 2011).
The cellular signals that are responsible for regulating collagen deposition in the trout
heart are beginning to be characterized, but little is known of the trigger that initiates this cellular
response during cold acclimation (Johnston and Gillis, 2017). For example, Johnston and Gillis
(Johnston and Gillis, 2017) have demonstrated that transforming growth factor-beta 1 (TGF-β1)
induces collagen synthesis in cultured trout ventricular fibroblasts, suggesting that this cytokine
is involved in regulating collagen deposition. However, how the levels of TGF-β1 are regulated
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in the trout heart during cold acclimation is not known. Graham and Farrell (Graham and Farrell,
1989a) have suggested that cold-induced cardiac hypertrophy occurs in response to the increase
in blood viscosity, which is caused by a decrease in environmental temperature. An increase in
blood viscosity, caused by a decrease in the fluidity of the erythrocyte membranes as well as an
increase in plasma viscosity, would increase vascular resistance, and therefore, increase the
amount of work performed by the heart (Farrell, 1984). Axelsson (Axelsson, 2005) has
demonstrated that vascular resistance is directly proportional to blood viscosity by substituting
Ohm’s law in for blood pressure into Poiseuille’s law.
In the mammalian heart, an increase in blood viscosity, and therefore cardiac workload,
leads to increased cellular deformation, thereby activating mechanically sensitive cellular
proteins, such as tyrosine kinase receptor or stretch activated ion channels (Husse et al., 2007;
Reed et al., 2014; Waring et al., 2014). One important cell signalling cascade involved in the
pathological remodeling of the mammalian heart is the p38-JNK-ERK mitogen activated protein
kinase (MAPK) pathway (Chiquet et al., 2009). This pathway is triggered by mechanical cues
and is activated by the phosphorylation of the associated MAPKs, including p38 and ERK1/2
(Lal et al., 2007; Verma et al., 2011). Therefore, in this study, we tested the hypothesis that
increased mechanical forces on trout cardiac fibroblasts stimulates the activation of mechanically
sensitive cellular pathways and transduce these signals into the cell. We predicted that stretching
trout cardiac fibroblasts would result in increased phosphorylation of p38 and ERK1/2 MAPKs.

Materials and methods
Cell culture
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Rainbow trout cardiac fibroblast cells were cultured and maintained as previously described
(Johnston and Gillis, 2017). Cells between passages 19-21 were used in experiments outlined
below. Cardiac fibroblasts were plated onto a collagen type I-coated BioFlex rubber membrane
6-well plate at a density of ~0.2-0.3 x 106 cells·ml-1 and allowed to attach for 7 d to ensure a
sufficient matrix was established by the fibroblasts, so that they would not detach during the
stretch experiments. Initially, cells were grown for 3d prior to stretch experiments, but this
resulted in loss of cellular adherence before 24h.

Stretch apparatus and application
A FlexCell FX-4000 apparatus (FlexCell International, Burlington, NC, USA) was used to
stretch trout cardiac fibroblasts, with some modification. The baseplate vacuum inflow line was
connected directly to a Leybold D8B rotary vane vacuum pump (Leybold, Cologne, Germany),
and the outflow line was vented externally (atmospheric pressure). Vacuum pressure was
controlled by a valve. Air inflow and outflow were regulated by solenoid valves, the current to
which was controlled by a simple timer on a computer. By turning the power on to either
solenoid valve, negative pressure could be applied alternately with atmospheric pressure,
resulting in cyclical stretch of the rubber membranes. Percent deformation was estimated by
placing an ink marking on a rubber membrane, and visualizing area deformation with a Zeiss
SteREO Discovery. V12 dissection microscope, then analyzed in ImageJ. Cells were stretched
cyclically at 10% deformation for 10min, 20min and 24h at a frequency of 20Hz. This magnitude
of deformation is similar to that used in previous studies examining stretch in cardiac fibroblasts
from mammalian species (Butt and Bishop, 1997; Guo et al., 2013). Importantly, it has been
established that fish modulate ventricular volume to a greater degree than mammals and can
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increase cardiac stroke volume up to 3 fold (Farrell, 1991; Shiels and White, 2008). Therefore,
the 10% stretch used in this study to apply biochemical force to the trout cardiac fibroblasts is
well within a physiologically relevant range.

Western blotting/phospho-blotting
Cells in the control and treatment groups were washed with 5 ml PBS, then 200 µl
radioimmunoprecipitation assay (RIPA) buffer containing 1 µmol·l-1 phenylmethane sulfonyl
fluoride (PMSF, Sigma) and phosphatase inhibitors (50 mM sodium fluoride, 5 mM sodium
pyrophosphate and 5 mM sodium orthovanadate), then incubated on wet ice for 5 min. Cells
were removed from flasks by scraping and then transferred to a 1.5 ml Eppendorf tube and
homogenized by being repeatedly flushed through a needle and syringe, on ice. The lysate was
then maintained at 4 °C with gentle agitation for 30 min, centrifuged for 20 min at 20 000 g, and
the supernatant was reserved and measured for protein content using a bicinchoninic acid (BCA)
assay (Bio-Rad, Hercules, United States). A 20 µg sample of protein, diluted in Laemmli buffer,
was loaded into the lane of 12% polyacrylamide gel and run at 160 V for ~1-1.5 h, at 4°C.
Proteins were electro-blotted onto a polyvinylidene fluoride membrane with wet transfer at 30 V
for 16 h at 4°C and blocked in 5% bovine serum albumin (BSA; Bioshop, Burlington, Canada) in
Tris-buffered saline with 0.1% Tween 20 (TBST) (hereafter referred to as blocking buffer) for 1
h at room temperature, then incubated in 1:1000 anti-rabbit phospho-ERK1/2 or anti-rabbit
phospho-p38 (Cell Signaling Technology, Danvers, Massachusetts, USA; catalogue numbers
D13.13.4E and D3F9, respectively) in blocking buffer plus 0.05% sodium azide overnight at
4°C. The next day, blots were incubated in goat anti-rabbit IgG-HRP secondary antibody buffer
(Santa Cruz Biotechnology, Dallas, United States) at a dilution of 1:1000 in blocking buffer. An
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Amersham ECL Plus detection kit (GE Healthcare, Chicago, United States) was used as per the
manufacturer’s instructions to induce chemiluminescence, which was subsequently visualized
with the ChemiDoc MP imaging system (Bio-Rad). Blots were stripped for seven minutes in
mild membrane stripping buffer (0.2M glycine, 0.1% SDS, 1% Tween20, pH 2.2), re-blocked,
and then incubated in 1:1000 anti-rabbit total ERK1/2 or total p38 in blocking buffer (Cell
Signaling Technology catalogue numbers D13E1 and 137F5, respectively). Data from blots were
compared with total protein from the same membranes using a SYPRO Ruby Blot Stain (BioRad).

Statistical analysis
All data were initially subjected to a Shapiro-Wilk test for normality. Any data that failed to
meet normality were log-transformed prior to analysis. Data within a single time point were
compared with a paired student’s t-test, with significance occurring at 95% confidence. The nvalue represents a fibroblast line from the same individual fish maintained in separate passages,
cryopreserved on a different passage number and day, and thawed for experiments on different
days.

Results
Influence of stretch on MAPK phosphorylation
No changes in phosphorylation levels of p38 or ERK1/2 were detected after 10min of stretch
(P>0.05). However, after 20min stretch at 10% equibiaxial deformation, p38 MAPK
phosphorylation increased by 4.2-fold compared to cells that were not stretched (P<0.05). At this
time, there was no statistically significant change in ERK phosphorylation (P>0.05). After 24h of
151

stretch at 10% deformation, the level of p38 phosphorylation remained consistently elevated
compared to control (4.7-fold). At this time, the level of ERK phosphorylation was significantly
higher (2.4-fold) in the stretched cells than that in controls.

Discussion
The hypothesis that cardiac remodeling of the salmonid heart is the consequence of increased
cardiac workload was first proposed by Graham and Farrell (Graham and Farrell, 1989a), yet the
underlying cellular mechanism has not been tested until now. The results of the current study
lend support to the hypothesis that an increase in physical forces (stretch), that likely occur in the
myocardium with a reduction in physiological temperatures, triggers the activation of cellular
pathways that lead to an increase in collagen deposition.

Initiation of MAPK signaling
The activation of MAPKs through mechanosensitive components involves mediation of the
originating extracellular signal through small G proteins such as Ras or Rho (Rajalingam et al.,
2007). When Ras is activated by incoming phosphorylation events, it is able to phosphorylate
downstream targets, such as MAPKs (Molina and Adjei, 2006). In this study, both p38 and
ERK1/2 MAPKs were phosphorylated in response to stretch, indicating that G-coupled protein
membrane receptors in trout cardiac fibroblasts are mechanosensitive. While this was not
unexpected, this finding is indicative of the importance of mechanotransduction in regulating the
function and morphology of animal cells. It remains to be elucidated which mechanosensitive
cellular components initiated the signal transduction pathway in this current study; however, it is
likely that integrins and stretch-activated ion channels (SACs) were involved. Integrins play a
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role in anchoring the cell cytoskeleton to the extracellular matrix, and are able to transmit
extracellular information through cells using mechanotransduction (Katsumi et al., 2004; Ross et
al., 2013). Integrin subunits are associated with intracellular focal adhesion kinase (FAK), and
the phosphorylation of these is necessary for ERK1/2 and p38 signaling (Katsumi et al., 2004).
In culture, the ECM is present beneath the fibroblasts, and if the cells were anchored to the ECM,
which was anchored to hydrolyzed collagen on the rubber membrane, then the stretching of the
membrane would cause deformation of the ECM and therefore integrin stimulation. In the
mammalian heart, mechanical stimulation of integrins has been shown to stimulate remodeling
pathways within cardiac fibroblasts (Herum et al., 2017a; MacKenna et al., 2000; Manso et al.,
2009). SACs may also have played a role in MAPK phosphorylation in this study, as they are
embedded within the lipid bilayer and open in response to increased membrane tension that can
be triggered by stretch (Sachs, 2010).

Consequences of MAPK signaling
The activation of MAPK signaling influences gene expression by causing changes in the
conformation of specific transcriptional factors (Li et al., 2018; Molkentin et al., 2017; Travers et
al., 2016). In the heart, the transcriptional factors affected by the p38-JNK-ERK pathway are
associated with cardiac remodeling (Pramod and Shivakumar, 2014; Sinfield et al., 2013).
Although MAPK signaling is ubiquitous among all eukaryotic cells, fibroblasts are responsible
for producing the components of the ECM, suggesting that MAPK signaling in the fibroblast cell
would likely result in changes in extracellular protein production via altered gene expression.
Previous studies have demonstrated that cyclical stretch of cardiac fibroblasts results in an
increase in collagen types I and III mRNA (Husse et al., 2007). Therefore it is possible that, as
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suggested by the results of the current study, fibroblast cells in the in vivo trout myocardium
respond to mechanical cues to regulate ECM composition. It is important to note that MAPKs
are involved in a multitude of processes unrelated to remodeling, including cell growth,
differentiation and death, as well as immunological response (Hommes et al., 2003; Whitmarsh,
2007) . Therefore, if a change in temperature alters the magnitude of physical forces within the
trout myocardium, there will likely be changes to other cellular processes in addition to those
that direct remodeling.

Conclusions and perspectives
To the best of our knowledge, this is the first study to demonstrate that cultured fish cells are
mechanotransductive, and that major intracellular pathways involved in remodeling in trout
cardiac fibroblasts can be activated in response to stretch. The hypothesis that physical forces
play a role in remodeling of the trout myocardium as a result of cellular mechanotransduction
has existed for ~30 years, but the direct effect of mechanical factors on remodeling cues in fish
cells has not been investigated until now. The results of this study support this hypothesis and
lend novel insight into the extracellular cues required to initiate the process of cardiac
remodeling.
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Figure 27. Activation of p38 and ERK1/2 pathways in response to stretch.
Rainbow trout cardiac fibroblasts were seeded on collagen type I-coated BioFlex membranes and
allowed to grow for 7d, then stretched at 10% equibiaxial deformation at 20Hz for 10min, 20min
and 24h. Phosphorylation levels of p38 and ERK1/2 MAPKs were quantified using phosphoWestern blotting and normalized first to total p38 and ERK1/2, then to total protein using a
SYPRO Ruby blot stain. A) Representative Western blot images of phosphorylated p38 (top) and
ERK1/2 (bottom) after 24h of stretch (other blot images are available in supplemental materials
section). B) Phosphorylation levels of stretched cells were standardized to control (unstretched)
cells, the value of which was set to 1 for each independent graph. Asterisks (*) indicate a
significant effect of stretch on MAPK phosphorylation. N=3 for each group. The n-value
represents a fibroblast line from the same individual fish maintained in separate passages,
cryopreserved on a different passage number and day, and thawed for experiments on different
days.
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Supplemental figure S4.1 Western blot images not shown in fig. 1.

A) Multichannel images of phosphorylated p38 and ERK1/2 Western blots. Antibody
corresponding to MAPK examined is labeled for each image, and the type of sample ran in each
lane is indicated above image. Ladder is in lane 1. B) SYPRO Ruby-stained membranes used for
standardizing phosphorylated protein/total protein levels.
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Abstract
Warm acclimation of rainbow trout can cause a decrease in the collagen content of the heart.
This ability to remove cardiac collagen is particularly interesting considering that collagen
deposition in the mammalian heart, following an injury, is permanent. We hypothesized that
collagen removal can be facilitated by microRNA-29b, a highly conserved, small, non-coding
RNA, as a reduction in this microRNA that has been reported during the development of fibrosis
in the mammalian heart. We also used a bioinformatics approach to investigate the binding
potential of miR-29b to the seed sequences of vertebrate collagen isoforms. Cultured trout
cardiac fibroblasts were transfected with zebrafish mature miR-29b mimic for 7 d with retransfection occurring after 3 d. Transfection induced a 9-fold increase in miR-29b transcript
abundance (P<0.05) as well as a 58% decrease in the transcript levels of col1a3, compared to
non-transfected controls (P<0.05). Western blotting demonstrated that the levels of collagen type
I protein was 68% lower in cells transfected with miR-29b than in control cells (P<0.05). Finally,
bioinformatic analysis suggested that the predicted 3’UTR of rainbow trout col1a3 has a
comparatively higher binding affinity for miR-29b than the 3’UTR of col1a1. Together these
results suggest that miR-29b is a highly conserved regulator of collagen type I protein in
vertebrates and that this microRNA decreases collagen in the trout heart by targeting col1a3.
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Introduction
Thermal acclimation of rainbow trout causes remodeling of the active (contractile) and passive
(structural) components of the myocardium (Keen et al., 2017). These changes are thought to be
responsible, as least in part, for the capacity of the trout heart to maintain function over a range
of seasonal temperatures (Keen et al., 2017). Recent work has demonstrated that cold
acclimation causes cardiac hypertrophy and an increase in cardiac connective tissue, while warm
acclimation causes a decrease in the relative size of the heart and a reduction in cardiac
connective tissue (Keen et al., 2016; Klaiman et al., 2011). The ability of trout to remove
connective tissue from the heart in response to a physiological stressor is quite novel amongst
vertebrates (Klaiman et al., 2011). In humans, for example, pathological collagen deposition
within the heart is considered permanent, and contributes to declining cardiac function (Wynn,
2007).
Connective tissue in the vertebrate heart is primarily composed of collagen type I and is
produced by cardiac fibroblasts. We have recently demonstrated that collagen type I synthesis is
induced in rainbow trout cardiac fibroblasts in response to physiologically relevant levels of
human recombinant TGF-β1 (Johnston and Gillis, 2017). A similar response is well documented
in mammalian cardiac fibroblasts (Leask and Abraham, 2004; Verrecchia and Mauviel, 2007).
Together these results suggest that the major cellular pathways involved in the regulation of
ECM deposition in the heart are likely conserved amongst vertebrates, including fish. However,
virtually nothing is known about the cellular processes involved in the removal of collagen from
the fish heart.
Previous experiments, completed using mammalian models, indicate that microRNAs
(miRs) play an important role in regulating the expression of collagen gene transcripts in the
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heart (van Rooij et al., 2008). miRs are a class of small (~22 nucleotide) non-coding RNAs that
bind with the 3’ untranslated region (UTR) of messenger RNA (mRNA) to promote degradation
of the mRNA or inhibit its binding to the ribosomes (Bartel, 2004; Griffiths-Jones et al., 2006).
Such targeting would lead to a decrease in the expression of the gene transcript and as a result, in
the synthesis of the associated protein. In mammalian cardiac fibroblasts, one miR implicated in
regulating the expression of collagen gene transcripts and consequently collagen protein is miR29b (van Rooij et al., 2008). Abonnenc et al., (2013) have demonstrated that miR-29b transfected
into mouse cardiac fibroblasts targets gene transcripts involved in the fibrotic response including
several collagen isoforms as well as matrix metalloproteinases (Abonnenc et al., 2013). In
addition, van Rooij et al. (van Rooij et al., 2008) found that the levels of miR-29b are
significantly decreased at the site of an infarction in hearts from mice and humans, and reduced
in response to TGF-β1 treatment. Inhibition of miR-29b activity would contribute to an increase
in collagen synthesis as there would be an increase in the copy number of collagen gene
transcripts available for translation. We therefore hypothesized that miR-29b has the capacity to
knock down collagen type I transcripts in rainbow trout cardiac fibroblasts. Critical to this
hypothesis is that the sequence of miR-29b is highly conserved among vertebrate species. For
example, the sequence of zebrafish and rainbow trout miR-29b are 100% identical to human
miR-29b (alignment calculated). In mammalian cells, miR-29b binds to the mRNA of the
COL1A1 isoform, and as a result inhibits collagen protein synthesis (Kriegel et al., 2012; Li et
al., 2012; Mayer et al., 2017). In teleost fish, the col1a3 isoform is more phylogenetically similar
to the mammalian COL1A1 isoform than to human COL1A2 (Saito et al., 2001). This suggests
that col1a3 may be the target of miR-29b in the trout heart. Using cultured trout cardiac
fibroblasts, we tested the prediction that transfection of trout cell lines with miR-29b would
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decrease collagen type I gene transcript and protein levels. To increase confidence that any
effects that we detected experimentally was the result of the miR-29b transfection, we also
characterized the binding potential of miR-29b to the col1a1 and col1a3 mRNA 3’ UTRs in trout
using a predictive bioinformatics approach.

Methods
Sequence alignment
miR-29b sequences were obtained from mirbase (www.mirbase.org) with the exception of
rainbow trout miR-29b, which was obtained from MicroTrout (http://www.mennigenlab.com/microtrout.html). Sequences were aligned in ClustalOmega
(www.ebi.ac.uk/Tools/msa/clustalo/) to determine % conservation.

Cell culture
Cell lines were established from male rainbow trout ventricles as previously described (Johnston
and Gillis, 2017) and used between passages 19-21. Cells were routinely kept at 21°C in
Leibovitz’s L-15 medium with 10% fetal bovine serum, 1% penicillin-streptomycin, 1%
amphotericin B (hereafter referred to as whole medium) and split 1:2 during passaging.

Transfection with microRNA-29b
Cells were plated at ~0.5 x 106 cells per well and allowed to attach overnight. The next day,
whole medium was replaced and cells were again allowed to grow overnight so that fibroblast
confluency was ~40% at the beginning of the experiment. Zebrafish miR-29b mature mimic
(Life Technologies, Carlsbad, CA, USA) was diluted to a working concentration of 100 nM and
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combined with Lipofectamine RNAiMax (Life Technologies) according to manufacturer’s
instructions. Mature miR-29b mimic/lipofectamine complex was added to cells at a final
concentration of 10 nM in Opti-MEM (Life Technologies) in serum and antibiotic-free L-15. 24
h after addition of miR-29b, transfection medium was replaced with whole medium. This was
done to mitigate cytotoxic effects of the liposome vector and to ensure cell growth and survival.
Cells were incubated for a total of 7 d, with re-transfection as described above occurring after 3
d. This time point was chosen based on previous experiments utilizing rainbow trout cardiac
fibroblasts cultures (Johnston and Gillis, 2017). Cells in the control group were given medium +
Lipofectamine, without the miR mimic, to ensure that any effects of transfection on protein and
gene expression were the result of the miR mimic.

RNA extraction and miRNA reverse-transcription
Acid-Phenol:chloroform RNA extraction was performed with the mirVana miRNA extraction kit
(Life Technologies) according to manufacturer’s instructions. Briefly, DNase I (Sigma) diluted
1:100 in 300µl lysis buffer was added to cells on ice and incubated for 8 min. Cells were
collected by scraping, homogenized with a sterile needle and syringe and incubated for 10 min
on ice. A C. elegans mature miR-39 spike-in control was added at a concentration of 5.6 x 108
copies·µl-1 (Qiagen, Hilden, Germany) immediately after lysis to serve as a normalization control
between samples. After washing, total RNA was collected with a glass filter and collection tube,
eluted with 100 µl 95 °C RNase-free water, then re-precipitated overnight with 1 ml isopropanol
and 1 µl 20 mg · ml-1 glycogen. RNA was pelleted at 12 000 g for 1 h then the pellet was washed
twice with cold 75 % EtOH and reconstituted in 10 µl RNase-free water. Reconstituted RNA
was quantified with a Nandrop2000 (ThermoFisher Scientific).1 µg total RNA was reversed
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transcribed with a miScript II kit (Qiagen) according to manufacturer’s instructions, using the
HiFlex buffer to reverse-transcribe all small non-coding RNA, which would include transfected
miR-29b, the miR-39 spike-in, as well as endogenously produced mRNA. The RT enzyme was
omitted from 10% of samples to serve as a genomic contamination control.

Real-time PCR using SYBR green assay
Quantitative real-time PCR was completed using the Qiagen miScript SYBR Green PCR kit in
10µl reactions with the following concentrations: 1x SYBR Green Supermix, 500nM forward
primer (reverse compliment of target, Table 1), 500nM Universal miScript primer, 2µl water,
and 1µl cDNA. The Qiagen Universal primer sequence is proprietary, thus the exact amplicon
size is unknown. Reactions were run in a 96 well plate in a CFX96 Real-Time System (Bio-Rad)
under the following conditions: 95°C for 15min, 94°C for 15s, 40x 55°C for 30s and 70°C for
30s.

Western blot for collagen type I
Cells transfected for 7 d in 75 cm2 flasks were collected by scraping in radioimmunoprecipitation
assay (RIPA) buffer containing 1mM phenylmethane sulfonyl fluoride (PMSF) and
homogenized with a sterile needle and syringe on ice. Lysate was centrifuged at 20 000 g for 20
min and supernatant was reserved. Protein in the supernatant fraction was concentrated by
adding 20:1 100% EtOH:sample volume and incubating at -80°C overnight. Protein was pelleted
by centrifugation at 14 000 g for 10 min, rediluted in RIPA buffer and resuspended by sonicating
for 10 s on ice. Samples were diluted in 5x Laemmli buffer and boiled at 95 °C for 5 min prior to
SDS-PAGE. 20 µg protein was loaded into each lane of a 6% polyacrylamide gel and run at 160
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V for ~1 h. Proteins were electro-blotted onto polyvinylidene fluoride membrane with wet
transfer at 30 V for 16 h at 4 °C, blocked in 5% skim milk powder in tris-buffered saline with
0.1% Tween20 (TBST) (hereafter referred to as blocking buffer) for 1 h at room temperature
then incubated in 1:1000 rabbit anti-salmon collagen type I (Cedarlane) in blocking buffer plus
0.05% sodium azide overnight at 4 °C. The next day, blots were incubated in goat anti-rabbit
IgG-HRP at a dilution of 1:1000 in blocking buffer (Santa Cruz Biotechnology). An Amersham
ECL Plus detection kit (GE Healthcare) was used as per manufacturer’s instructions to induce
chemiluminescence, which was subsequently visualized with the ChemiDoc MP. To control for
loading volumes, membranes were incubated in 1:1000 mouse monoclonal anti-actin-cy3
antibody (Sigma #5838) and visualized without ECL using the cy3 filter. Collagen type I and
actin protein levels were quantified in ImageLab 5.2.1. (Bio-Rad) using densitometry analysis.
Collagen type I was normalized to total actin, and collagen levels in the microRNA-29b treated
cells were standardized to control, which was set to 1.

Validating siRNA entry into cells with fluorescent control
To the best of our knowledge, no fibroblast cell lines from rainbow trout cardiac tissue have been
used in experiments involving mRNA knockdown via siRNA transfection. Thus, a fluorescent
siRNA control was used to ensure that the combination of Lipofectamine RNAiMax and
miR/siRNA was able to permeate fibroblast cells. Cells were plated into 24-well plates at ~0.4 x
105 and left for 24 h, then incubated with 10 nM MISSION Cy5 Universal Fluorescent Control
(Sigma-Aldrich) in Lipofectamine RNAiMax for 24, 48, 72 h, and 7 d. Medium was replaced
after 24 h (as above). Cells were re-transfected after 3d, and incubated with the fluorescent
siRNA for a total of 7d, as in miR experiments.
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Statistical analysis of treated cells
All data were treated with a Shapiro-Wilk test for normality. Any data that did not meet
normality was log-transformed prior to analysis. Average normalized transcript abundance and
collagen protein levels between control and transfected groups with analyzed with an unpaired ttest at a confidence interval of 95%. n=3 for each treatment, where each n represents a cell
culture established from the ventricle of a different individual rainbow trout.

Bioinformatics analysis
Methods were in alignment with previously published techniques by Kuc et al. (Kuc et al.,
2017). An alignment of the collagen transcript (type 1 alpha 1 in most species and type 1 alpha 3
in rainbow trout) was generated to understand the evolutionary conservation of miR-29b binding
sites. Oncorhynchus mykiss collagen type 1 alpha 1 (col1a1; NM_001124177.1) or collagen type
1 alpha 3 (col1a3; NM_001124206.1) was used as query in a BLASTN v2.8.0; (Zhang et al.,
2000) search against the Euteleostomi (taxid:117571) database to determine orthologs of the
rainbow trout specific collagen. Orthologs chosen were annotated as belonging to collagen type 1
alpha 1 and E-value < 0.01. Annotated 3’ UTRs were acquired from the following species and
genome assembly identifiers: Danio rerio: GRCz11 (GCF_000002035.6); Salmo salar:
ICSASG_v2 (GCF_000233375.1); Salvinus alpinus: ASM291031v2 (GCF_002910315.2);
Xenopus laevis: Xenopus_laevis_v2 (GCF_001663975.1); Homo sapiens: GRCh38.p12
(GCF_000001405.38); and Mus musculus: GRCm38.p4 (GCF_000001635.24). The predicted 3’
UTRs for col1a1 and col1a3 in Oncorhynchus mykiss were extracted directly from the genome
(Berthelot et al., 2014). 1360 bases for col1a1 and 1134 bases for col1a3 downstream from the
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end of the gene were extracted based on the GAZE gene prediction for a longer 3’ UTR within
the Genoscope genome browser (https://www.genoscope.cns.fr/trout/;(Howe et al., 2002). UTRs
were aligned in Seaview and coloured in Jalview v2.10.5 using the “Nucleotide” colour scheme
at 85% identity. miR-29b binding sites were predicted using TargetScanFish v 6.2 in zebrafish
and manually inspected for site conservation between species (Lewis et al., 2005).
To determine how miR-29b could be influencing other aspects of ECM remodelling, a
gene ontology (GO) analysis was carried out using all predicted miR-29b targets in zebrafish.
Ensembl gene IDs for miR-29b targets were downloaded from TargetScanFish v6.2 and run
through the DAVID bioinformatics pipeline (Huang da et al., 2009a; Huang da et al., 2009b;
Lewis et al., 2005). Gene IDs classified under cellular composition and GO term 0031012
(extracellular matrix) were downloaded and TargetScanFish total context+ scores recorded to
show comparative strength of predicted binding.

Results

Conservation of miR-29b
All miR-29b-3p sequences investigated were 100% conserved between vertebrate species, with
the exception of Atlantic salmon, which was 86% conserved compared to all other species (fig.
1).

Effect of miR transfection on miR overexpression and collagen type I targets
Transfection of trout cardiac fibroblasts with mature zebrafish miR-29b mimic resulted in a 9fold increase in miR-29b, compared to untransfected cells (P<0.05, fig. 2). There was a
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significant effect of miR-29b transfection on collagen isoform expression, where the relative
transcript abundance of col1a3 was reduced by 58% (P<0.05, fig. 2). The average transcript
abundance of col1a1 and col1a2 isoforms did not change with miR-29b transfection and
overexpression (P>0.05, fig. 2).

Effect of miR transfection on collagen type I protein
Transfection of trout cardiac fibroblasts with mature zebrafish miR-29b mimic resulted in a
68.4% decrease of collagen type I protein after 7 d with re-transfection (P<0.05) (fig. 3).

Validation of siRNA entry into cells
Fluorescently labeled siRNA was incorporated into cells after 24h of incubation (fig. 4). siRNA
remained in cells after 48 h and 72 h incubation even after medium replacement after 24 h.

Seed sequences
To confirm that miR-29b was able to target col1a1 and col1a3, TargetScanFish-predicted
binding sites were manually searched in the generated alignment. The conserved binding site
shown in Figure 5A is a predicted 8mer seed match in zebrafish col1a1a (context+ score -0.26
while the conserved binding site in B is a predicted 8mer seed match in zebrafish col1a1b
(context+ score -0.39) based on the TargetScan algorithm. Please note that the context+ score
indicates the likelihood of binding with a lower a score indicating a higher likelihood.
The GAZE software used to find putative longer 3’ UTRs makes use of the Express
Sequence Tag (EST) cDNA database to generate predictions on gene products (Howe et al.,
2002). However, to confirm that these putative UTRs could be expressed, the GAZE predictions
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were searched against the EST database to find specific matches that contained the miRNA
binding sites of interest. For both GAZE predicted UTRs, one cDNA sequence (col1a1 accession #BX0727.93; col1a3 – accession #CX148961) was found that contained the binding
site of interest and a polyadenylation signal as expected for a 3’ UTR.

Other targets of miR-29b
Results were filtered to only include other ECM targets (GO term 0031012) of miR-29b.
Collagen type IV demonstrated the strongest possible candidate for miR-29b binding (Total
context+ score -1.0), followed by metalloproteinase with thrombospondin 1 motif, 10 (ADAMT
10) (Total context+ score -0.9). Other notable targets included other ECM proteins (laminin,
collagens), matrix metalloproteinases (MMPs) and ADAMT 6 (Total context+ scores >-0.5).

Discussion
This is the first known study to demonstrate a functional connection between the overexpression
of miR-29b and subsequent decrease in collagen type I protein via col1a3 mRNA knockdown in
a cultured cell line of a fish. These results establish that miR-29b is an effective regulator of
collagen in the fish myocardium and, along with the high conservation of this protein, suggests
that this miR plays a role during ECM remodeling in the trout heart.

Knockdown of collagen type I transcript
Inhibition of mRNA translation can be achieved through a number of mechanisms including
translational repression, endonuclease cleavage or degradation initiated by 5’ decapping
(Valencia-Sanchez et al., 2006). In mammals, mRNA destabilization is the dominant process by
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which translational repression occurs (Eichhorn et al., 2014). In this study, the reduction of the
col1a3 isoform transcript abundance positively correlated with the decrease in the abundance of
the collagen type I protein, indicating that the endogenous complexes, including Argonaute,
required for either translational repression or mRNA destabilization, are functional in a teleost
species. Since the miR that was transfected into the fibroblast cells was already in a mature form,
it is not known how the function of cleaving enzymes, namely Drosha and Dicer, may perform in
fish compared to mammals. For example, it has been established that the structure of the miR
terminal loop is critical for allowing Drosha and Dicer to cleave and thus mature the miR (Zhang
and Zeng, 2010). It would be of interest to examine the genome sequence as well as function of
fish miR cleavage enzymes in particular, as the teleost genome duplication event may be
associated with differential enzyme conformation (Shaffer and Gillis, 2010). The genome
duplication may have also resulted in many more functional miRs in trout, or isoforms of known
miRs.
The results of our experiments establish that miR-29b overexpression is a regulator of
collagen in fish, however, the levels of this miR in the trout heart under physiological conditions
are not known. Based on the concentration of the mature mimic measured in the current study
and the number of cells exposed, it is estimated that each cell would have been treated with 10
fM of the mature mimic. As demonstrated by the results, this concentration did have a significant
effect on collagen concentration in the cells, but whether this concentration is applicable to an in
vivo system is unknown. Future work should attempt to quantify the physiological levels of
mature miR-29b in the trout heart in order to fine-tune more complex in vitro experiments that
utilize multiple miRs.
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miR-29b regulation of collagen type I protein
In fish, collagen type I is composed of three monomers, transcribed from three different
transcripts (col1a1, col1a2, and col1a3) with col1a3 being unique to fish (Keen et al., 2016).
This is different from collagen expression in mammals, where the collagen molecule is
composed of two strands translated from the col1a1 gene, and one from the col1a2 gene (Poschl
et al., 1988). In this study, col1a3 appeared to be the mRNA target for knockdown, where the
transcript abundance of this isoform was significantly reduced after miR-29b transfection. This
therefore suggests that the observed decrease in collagen type I protein was caused by miR-29b
knocking down col1a3 expression. In mammals, col1a1 is the target of miR-29b (Kriegel et al.,
2012; Li et al., 2012; Mayer et al., 2017), therefore, unless the transcript of this gene is
completely decreased, there is still the likelihood of intact collagen being present in the heart.
This suggests that the same concentration of miR-29b may have a more profound effect on the
collagen content of the fish heart, where the translational inhibition of a single peptide would
inhibit the formation of the intact triple helix.

Seed sequences
The most effective sites of translational repression have been mapped to the 3’ mRNA UTR
sequence, where the seed region of miR (5’-3’ nucleotides 2-7) forms a perfect complementary
pair with the mRNA (Eichhorn et al., 2014). In this study, the seed sequences in the trout col1a1
and col1a3 UTR that demonstrated the best possible position for miR-29b binding were 7 and 8
nucleotides in length. These sites were mapped to the same nucleotide sequence in the
microRNA-29b sequence, as determined by TargetScan. The 7mer-A1 sequence was mapped to
col1a1, and the 8mer sequence to col1a3. Previous studies have suggested that the size of the
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seed sequence on target mRNA affects the binding potential of the microRNA (Bartel, 2009). An
8mer sequence may therefore have more affinity than a 7mer-A1. This suggests that the col1a3
isoform may be a stronger target for microRNA-29b than col1a1 and may help explain the lack
of downregulation of col1a1. Furthermore, the 7mer sequence on col1a1 was found in all
vertebrate species analyzed, indicating that this is likely a highly conserved seed sequence.

Other targets of miR-29b
Other possible ECM targets of miR-29b were investigated through GO analysis, and
demonstrated similar or greater potential binding affinity. The total context+ scores suggest the
binding affinity for all binding sites within the UTR for that miRNA, where lower scores indicate
a higher probability of binding (Bartel, 2009). In the cultured fibroblasts, the conserved 8mer
binding site within the col1a3 UTR had a context+ score of -0.39 in zebrafish col1a1b, and we
found a decrease in the levels of this transcript. Therefore, a binding site with an even lower
score may have strong regulatory potential. One such target that we identified, was collagen type
IV. Collagen IV is a basement membrane protein that acts as an intercellular anchor for
myocytes, and assists in maintaining tissue integrity during contraction (Bruggink et al., 2007).
Therefore if miR-29b levels are altered in response to thermal acclimation, collagen IV may also
be affected. However, the role of collagen IV in the trout myocardium is unknown.

Conclusions and perspectives
This study demonstrates for the first time, that microRNA-29b can cause a reduction in collagen
protein in rainbow trout cardiac fibroblasts. Furthermore, the bioinformatics analysis, together
with the results of the quantitative PCR measurements, suggests that this is accomplished by
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microRNA-29b targeting, and decreasing, col1a3 translation. As the protein product of col1a3 is
one of three collagen monomers in intact fish col1, this represents a potentially effective strategy
to reduce deposition of the polymer. This suggests that microRNA-29b can play a role in the
decrease in collagen content of the trout heart observed to occur during warm acclimation.
Finally, while other studies have used bioinformatics analyses to characterize the conservation of
regulatory processes across vertebrate lineages, this is the first known study that has coupled
such analysis with functional assays to provide support for the predicted, conserved effects of the
same microRNA across vertebrate lineages.
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Table 5.1 Forward primer sequences used in quantitative real-time PCR to amplify rainbow trout
transcripts for c. elegans microRNA-39b (cel-39), microRNA-29b (miR-29b), collagen type I
alpha I (col1α1), collage type I alpha 2 (col1α2) and collagen type I alpha 3 (col1α3). The
Qiagen Universal primer was used as the reverse primer for all genes examined to maintain
consistency across reactions. Use of the proprietary reverse primer is also why amplicon sizes
are not reported, as the exact resulting nucleotide length is not known.

Gene

Sequence (5’-3’)

Accession no.

Efficiency (%)

R2

cel-39

F: TATTACCAAGACGAAATCAGCT

MIMAT0020306

81

0.99

miR-29b

F: ACACTGATTTCAAATGGTGCTA

MIMAT0048668

98

0.99

col1a1

F: CCCGAGCCATGCCAGAT

NM_001124177.1

94

0.99

col1a2

F: CAGGCTACCCAGAACATCACATA

NM_001124207.1

106

0.99

col1a3

F: GCGACAGCGGAACCGTTAT

NC_035096.1

105

0.99
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Table 5.2 ECM-related targets of miR-29b. In silico predicted miR-29b targets based on
TargetScanFish v6.2 and classified as ECM components based on DAVID bioinformatics
pipeline (GO:0031012). Total Context+ score is calculated by TargetScanFish to potential
strength of binding, with lower context scores having higher chance of repression by the miRNA.

Ensemble ID

Gene Name

Total Context+ Score

ENSDARG00000002831

collagen, type IV, alpha 4(col4a4)

-1.00

ENSDARG00000075188

ADAM metallopeptidase with

-0.90

thrombospondin type 1 motif,
10(adamts10)
ENSDARG00000036279

laminin, gamma 1(lamc1)

-0.46

ENSDARG00000012405

collagen, type I, alpha 1a(col1a1a)

-0.39

ENSDARG00000077084

collagen, type XXVIII, alpha 1a(col28a1a)

-0.30

ENSDARG00000051962

matrix metallopeptidase 15a(mmp15a)

-0.26

ENSDARG00000041982

ADAM metallopeptidase with

-0.20

thrombospondin type 1 motif, 6(adamts6)
ENSDARG00000069473

Fras1 related extracellular matrix

-0.14

1a(frem1a)
ENSDARG00000008388

matrix metallopeptidase 14b (membrane-

-0.11

inserted)(mmp14b)
ENSDARG00000073711

multimerin 2b(mmrn2b)

-0.09
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Figure 28. miR-29b sequence conservation in several vertebrate species.
The miR-29b nucleotide sequence is 100% conserved between mammals and there is also
complete conservation between zebrafish- and human-miR-29b. The trout miR-29b sequence
was obtained from MicroTrout. The miR-29b sequence is 86% conserved between humans and
Atlantic salmon. Dots indicate conserved nucleotides, dashes indicate a nucleotide deletion. The
seed region is comprised of nucleotides ~2-7.

186

Figure 29. The effect of miR-29b transfection on the gene expression of itself and
hypothesized collagen mRNA targets.

Transcript abundance of cells transfected with 100nM mature zebrafish miR-29b mimic, or
liposome vector control. The amount of transcript (miR-29b, col1a1, col1a2, col1a3) is relative
to the control group, which was set to 1 for each gene. mRNA level for each gene was
normalized to the transcript abundance of c.elegans miR-39 spike-in control. Asterisks (*) denote
a significant effect of miR-29b transfection on transcript abundance at 95% confidence. The n
for this experiment is 3, where each n represents a population of fibroblasts cultured from a
ventricle of a different individual male rainbow trout.
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Figure 30. The effect of miR-29b transfection on collagen type I protein levels.
Cardiac fibroblast cultures were transfected with 10nM mature zebrafish miR-29b mimic, and retransfected after 3d, with sampling occurring at 7d. (A) Representative Western blot image for
collagen type I acquired from three different cell lines. (B) Mean collagen type I levels measured
by densitometry and standardized to actin protein on the same membrane, which was cut in half
and blotted separately. Differences were detected using an unpaired t-test and asterisks (*)
represent a significant change relative to control (P<0.05). The n for each experiment is 3, with
each n being a protein sample extracted from cultured cells derived from different trout
ventricles.
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Figure 31. Representative image of intracellular fluorescently-labelled non-functional
siRNA in rainbow trout cardiac fibroblasts.
Cardiac fibroblasts from trout were incubated for 24h, 48h and 72h after transfection with Sigma
MISSION Cy5 labelled siRNA, then visualized at each time point. Cells in image are fibroblasts
from cell line mRTV 22 (as per Johnston and Gillis, 2017) after 7d of incubation, with readdition of fluorescent siRNA occurring after 3d (as in miR experiments). Phase, Cy5 and DAPI
image settings were adjusted for the merged image, to allow for better visualization of nuclei and
siRNA. Images were taken at 400x. Scale bar is 50μm.
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Figure 32. Alignment of miR-29b binding sites in the col1a1 and col1a3 3’ UTRs.
miR-29b binding site conservation between teleosts, X. laevis, M. musculus, and H. sapiens.
col1a1 (A) and col1a3 (B) binding sites were predicted using the TargetScanFish algorithm
which uses zebrafish transcripts and manually searched within the alignment. Nucleotides are
colour-coded, and a larger letter within the consensus sequence indicates greater conservation of
that specific nucleotide. The 3’ UTR miR-29b binding region is highlighted in red.

190

Supplemental figure 33. Multichannel image of collagen and cy5 actin blots.
The membrane containing samples from both control and miR-transfected cells were cut in half
after blocking to incubate in either anti-salmon collagen type I, or Cy5-conjugated actin. Lanes 1
and 8 are ladders and MW labels of bands are indicated with arrowheads.
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6.0 GENERAL DISCUSSION
Recent studies by Klaiman et al., (2011) as well as Keen et al. (2016) using rainbow trout have
investigated the influence of thermal acclimation and cardiac ECM remodeling on whole animal
performance, as well as on the functional properties of the intact heart (Keen et al., 2016;
Klaiman et al., 2011). However, there has been little work on the molecular pathways
responsible for initiating, or regulating, the remodeling response. The work in this thesis has
identified a number of mechanisms by which collagen can be regulated in the trout heart, and as
a result, increased our understanding of the molecular response of the vertebrate heart to a
physiological stressor. Chapters 2 and 3 of this thesis suggest that TGF-β1 is a potential
regulator of the remodeling response, as it has an apparent role in initiating collagen deposition
when it is present in a single dose of 15ng·ml-1, and in stimulating cellular differentiation leading
to collagen removal when treated repetitively with 15ng·ml-1 TGF-β1. Previous studies have
demonstrated that changes in the expression of the gene transcripts for MMPs, TIMP and
collagens are associated with the cardiac remodeling response in trout (Keen et al., 2016) and
the results of this thesis suggest that TGF-β1 is a likely trigger for these changes. Furthermore,
this thesis has established a connection between cellular physical stress and the phosphorylation
of MAPK pathways involved in the upregulation of TGF-β1. This suggests that
mechanotransduction pathways link changes in environmental conditions to the physiological
response of the heart. Finally, the results of this thesis suggest that microRNA-29b could be
involved in the loss of cardiac collagen with warm acclimation as it caused a decrease in
collagen type I protein production in trout cardiac fibroblasts. This result is significant as it
suggests that this microRNA has a highly conserved function in the vertebrate heart and future
work needs to examine this possibility in other non-mammalian vertebrates.
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6.1 Mechanisms by which collagen type I can be regulated
Together, the results of this thesis have demonstrated that regulation of the collagen type I
protein via altered gene expression in trout cardiac fibroblasts can be achieved through various
mechanisms. In Chapter 2, collagen protein synthesis increased in response to the exogenous
addition of TGF-β1. Closer examination of this effect found changes in the expression of genes
involved in regulating collagen, namely the col1α1, mmp-2, mmp-9 and timp2. TGF-β1 may have
been acting through signaling cascades that were explored in Chapters 3 and 4 to influence the
expression of these genes. At the level of the trout heart, the amount of collagen in whole tissue
is likely controlled through the action of various circulating cytokines, namely TGF-β1, to
regulate collagen gene expression. The origin of TGF-β1 should be examined in future studies
involving whole animal experiments, as well as the potential role of other cytokines that are
known to influence the composition of the mammalian heart, such as bFGF.
The results from the zymography study, described in Chapter 3, suggest that collagen can
also be regulated at the protein level. This is because it was found that an increase in MMP
activity was associated with less collagen protein, despite an increase in the collagen type I alpha
I gene. Previous studies have suggested that MMP-2 is able to digest native collagen type I
(Messaritou et al., 2009). However, it is not known if this phenomenon is observed under native
conditions in the fish heart. This could be examined by incubating purified trout MMP protein in
an in situ experiment that utilizes whole heart sections and collagen staining. Furthermore, as
trout MMP-2 and MMP-9 proteins are ~2kDa apart in size it was not possible to determine
which gelatinase was responsible for this result (a difference of 2kDa is indistinguishable on the
gel). Further work investigating the specific role of MMPs in cardiac remodeling should examine
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the role of the individual MMPs, possibly by using selective inhibitors against specific MMPs. It
was also possible that MMP-13, the usual enzyme responsible for degrading collagen type I in
trout, had enhanced activity and the increase in gelatinase activity seen in myofibroblasts was a
response to the increase in hydrolyzed collagen substrate as a result of increased MMP-13
activity. However, it was not known if the increase in gelatinase activity on the zymogram was
due to an increase in total MMP protein available, or by an increase in active MMPs, without a
change in total MMPs. That is, it is not known if myofibroblast differentiation caused an increase
in activation of MMPs (via cell membrane localization e.g.), or created more MMP protein.
MicroRNA as a regulator of various protein expression via translational repression has
been demonstrated in vitro in a number of studies to date (Lim et al., 2005; Thijs et al., 2015).
Until now, miR-29b was only known to knockdown the expression of collagen type I protein in
mammalian cardiac fibroblasts. Based on the complete sequence conservation between trout
miR-29b and mammalian miR-29b , as well as the results of Chapter 5 it is likely, then, that
miR-29b can knock down collagen type I in other vertebrate species as well. As demonstrated in
Chapter 5, this microRNA regulates collagen type I protein in trout fibroblasts by inhibiting the
translation of the col1a3 isoform. This is particularly interesting because regulation of collagen
type I in mammals is achieved by COL1A1 knockdown.

6.2 TGF-β1 as a potential key regulator of collagen type I in trout
In the mammalian biomedical literature, TGF-β1 is often referred to as a “master regulator” due
to its ability to influence many cellular pathways and cell types, as well as its key role in health
and disease (Aschner and Downey, 2016; Bauche and Marie, 2017; Meng et al., 2016). In the
context of ECM remodeling specifically, TGF-β1 is well-established as the primary signal
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responsible for triggering and regulating pathological fibrosis through multiple cellular
pathways. The experiments in this thesis demonstrate that TGF-β1 is an important factor in trout
heart remodeling due to its ability to induce collagen synthesis and promote myofibroblast
differentiation. These two functions of TGF-β1 are well-established in studies of mammalian
cardiac fibroblasts, and suggest that other known functions of TGF-β1 in mammalian systems
may also be at play in non-mammalian vertebrate. For example, previous studies have
demonstrated that TGF-β1 enhances COL1A1 expression in rat cardiac fibroblasts via the action
of DNA methylation (Pan et al., 2013). TGF-β1 has also been demonstrated to induce
hypertrophy in cardiac myocytes (Dobaczewski et al., 2011; Liu et al., 2017). While these
impacts of TGF-β1 where not investigated in this thesis they are relevant to cardiac remodeling
and represent potential foci of future studies of cardiac remodeling in trout.

6.3 Trout myofibroblasts
The data from chapter 3 is the first to demonstrate that TGF-β1 induces differentiation of cardiac
fibroblasts into myofibroblasts in a cell line from fish. This is also the first work to characterize
some of the major proteins present in the differentiated phenotype, as well as MMP transcript
abundance and protein activity, in a fish cell line. The increase in size and total actin observed in
the treated cells was similar to what has been observed in mammalian myofibroblasts, as was the
highly structured α-SMA. An increase in actin would increase the ability of these cells to not
only contract, but also potentially migrate as a result of enhanced cytoskeletal infrastructure.
Indeed, previous work has found that TGF-β1 induces fibroblast migration in mammals
(Acharya et al., 2008) as well as keratocyte migration in zebrafish (Tan et al., 2011). Cell
migration as discussed in section 1.3.6.3 involves the actin cytoskeletal network, and it is
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possible that the increase in actin seen in chapter 3 may contribute to increased motility in trout
myofibroblasts. The cells treated with TGF-β1 did appear to be more clumped, but the exact
mechanism for this phenomenon, motility or otherwise, was not investigated. The role of TGFβ1 in trout cardiac fibroblast motility could be examined in future studies by tracking cell
position over time.

6.4 The conservation of microRNA-29b
Critical to the justification for investigating the role of microRNA-29b in collagen regulation in
chapter 5 was the observation that the nucleotide sequence of miR-29b is highly conserved
among vertebrates and completely conserved between trout and mammals. This initial rationale
provided an opportunity to delve deeper into this phenomenon by examining both functional and
theoretical components of the effect of miR-29b on collagen type I knockdown. The transfection
and qPCR experiments were completed first and were supported by the bioinformatics analysis
that col1a3 was the likely target for knockdown. While col1a1 also had potential binding sites
for miR-29b, the significant decrease in transcript abundance along with the 8mer binding region
of col1a3 indicates that this may be the preferred target for miR-29b, in trout. This is interesting
from an evolutionary perspective because it suggests that the ability of miR-29b to regulate
collagen occurred in a common ancestor of fish, as well as after the teleost genome duplication
(assuming the col1a3 isoform was created as a result of this duplication).

6.5 Proposed model of cardiac collagen remodeling in trout
Based on what is known about vertebrate cardiac remodeling as well as what has been
established in this thesis, a model demonstrating the connection between environmental
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temperature and altered collagen remodeling has been proposed (fig. 1). This thesis hypothesizes
that a decrease in temperature will initially cause an increase in blood viscosity (Graham et al.,
1985) as well as an increase in ventricular filling, which, together, will increase the workload of
the ventricle. Increased workload then increases mechanical stress across the myocardium,
leading to increased cellular deformation (fig. 1A). Cell deformation would stimulate
mechanically sensitive components, leading to the phosphorylation of MAPKs (fig. 1B). Cell
deformation could also stimulate the release of TGF-β1 by cardiomyocytes, and the
quantification of which represents a future avenue of research. The phosphorylation of MAPKs
can lead to altered gene expression involved in remodeling, or the TGF-β1 released could also
cause differential gene expression, as demonstrated in chapters 2 and 3, possibly through
SMAD2 signaling/DNA methylation (fig. 1C). Endogenously produced collagen type I mRNA
transcripts can then be regulated by miR-29b (fig. 1D). There may be a relationship between
TGF-β1 and miR-29b, as has been demonstrated by Wang et al., (2012), where the exogenous
addition of TGF-β1 to several renal cell types reduced expression of miR-29a/b/c(Wang et al.,
2012). Since both TGF-β1 and miR-29b appear to be important regulators of collagen type I in
various systems, future studies could address how these may work together to regulate collagen
deposition/removal in the whole heart as well as tissue cultures.

6.6 Future directions
From the results of this thesis, a number of questions can be expanded upon and addressed with
the intention of providing a more comprehensive understanding of collagen remodeling in trout.
Further novel results will continue to contribute to a model that improves understanding cardiac
remodeling in vertebrates. Several specific cellular mechanisms involved in collagen remodeling
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in trout cardiac fibroblasts were investigated and found to be similar to what is known to occur in
the mammalian pathological condition, however, a number ended up being quite different to
what has been established in previous studies using mammalian cell lines. While some of these
results are in conflict with what is reported in mammalian studies, these differences may be of
value in terms of assessing which pathways yield the greatest insight for reversible collagen
remodeling. The increase in collagen protein in response to TGF-β1 in Chapter 2 was in
alignment with what occurs in mammals, but the associated gene expression patterns were
different. However, there was alignment between the gene expression patterns in the trout studies
to what was previously reported in a study of thermal acclimation of zebrafish (Johnson et al.,
2014). The work in Chapter 3 showed that trout cardiac myofibroblasts are functionally different
than mammalian myofibroblasts in that they did not have an increased production of collagen,
whereas undifferentiated cells treated with lower levels of TGF-β1 demonstrated increased
collagen production. The threshold between collagen production and removal in response to
TGF-β1 stimulation in cultured fibroblasts would be of interest as these findings may be able to
provide insight into what could be occurring in the whole heart, if TGF-β1 levels were quantified
in response to an environmental stressor to the animal. The work in chapter 5 determined that
miR-29b is also functional in rainbow trout cardiac fibroblasts, which lends insight into both the
function and conservation of miR-29b. The high sequence conservation of miR-29b between
vertebrate species highlights the importance of this miR through evolution, as nucleotides that
have important functional roles undergo evolution at a slower rate (Cooper and Brown, 2008).
Furthermore, recent work suggests that microRNAs do not change their sequence once they have
evolved, indicating that miR-29b likely appeared before major divergences in the animal
kingdom, indicating that this sequence has been conserved for at least 400 million years (Moran
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et al., 2017). The finding that miR-29b appeared to knockdown collagen protein via the col1a3
isoform in trout was particularly interesting as this indicates that there may be multiple binding
sites for miR-29b on various collagen isoforms. An important future step would be to use a
bioinformatics analysis to determine what other proteins miR-29b may regulate. If collagen in
the trout heart can be regulated by altered miR-29b levels, then other proteins may also be
affected, including non-ECM components. The evolutionary relationship between the collagen
type I mRNA and miR-29b sequences represents an interesting topic of future work that could be
investigated using a bioinformatics approach. Other ECM proteins, discussed in section 1.3.1.2
could also be investigated as they have been implicated in remodeling. For instance, pathological
hypertrophy of cardiomyocytes involves changes in fibronectin in vivo (Konstandin et al., 2013).
Since fibroblasts produce this protein, it is likely that collagen regulation is not the only
consequence of the remodeling response.

6.7 Evaluation of methodologies

6.7.1 The use of cell cultures

There are many advantages to using cell cultures in comparative physiological
experiments, namely the ability to isolate single or a few mechanisms, which makes deciphering
results more straightforward. However, there are also a number of drawbacks to using cell
cultures, primarily the degree to which in vitro experiments are applicable to complex systems in
vivo. This section will provide an overview of the protocols used in this thesis as well as an
analysis of the pros and cons of using cell culture techniques for the examination of the
mechanisms.
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6.7.2 Cell line establishment

In this thesis, the use of trypsin to dissociate rainbow trout ventricle appeared to favour the
development of cultures of fibroblasts. A similar observation was made by Ganassin and Bols
(1996) for the rainbow trout spleen where trypsin rather than collagenase dissociation led to
fibroblast cultures. At the beginning of fish cell culturing, Fryer et al., (1965) used collagenase
for tissue/organ dissociation, but in the work of this thesis collagenase did not effectively liberate
cells, even after overnight incubation. In studies on dissociating the mammalian heart for cell
cultures, collagenase was superior to trypsin in some regards but this depended on the purity of
the collagenase (Masson-Pevet et al., 1976). Highly purified collagenase was actually ineffective
at dissociation. As the activity in collagen preparations that are commercially available vary with
the manufacturer and over time, the results for the rainbow trout heart might not be a surprise.
For the trypsin dissociation of the rainbow trout ventricles or the sub-cultivation of cell cultures,
longer trypsin times led to fewer cells attaching to the plastic surface. The cytotoxicity of
different trypsin dissociation methods has long been noted for mammalian organs (Waymouth,
1974). As trypsin has been reported to enter cells (Hodges et al., 1973), long term trypsintreatment likely causes the death of some cells by internally disrupting cells as well as external
actions on the plasma membrane. With this trypsinization method of ventricle dissociation,
fibroblast cultures developed repeatedly, but slowly. The growth of primary cells was
encouraged by the addition of 30ng·ml-1 bFGF, and 15ng·ml-1 insulin-like growth factor (IGF).
Both of these factors are mitogens but differ slightly in their functions. bFGF encourages the
development of fibroblast cells specifically, whereas IGF is mainly a general mitogen (Cambrey
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et al., 1995). Rainbow trout cardiac fibroblasts were grown at 21°C, as is reported as being the
routine growing temperature (Bols et al., 2017).

6.7.3 Sample numbers and statistical methods
Wherever possible, a single “n” value was comprised of a cell line derived from an individual
fish. When cells were limited, a single “n” was comprised of fibroblasts from the same fish,
frozen in a separate vial and thawed on different days for experimentation. I have been careful to
indicate when such a practice was used in this thesis. Statistical methods used for comparing
means of sample groups are specified in each chapter.

6.7.4 Western blotting

Much of this thesis relied on the results from Western blot analysis. This is a powerful method of
protein quantification that can yield specific and accurate results; however, there are a number of
drawbacks associated with its use. For instance, the antibodies used for quantifying many
proteins or phosphorylation levels (vinculin, MAPKs, SMAD) were produced using mammalian
epitopes, and thus posed the risk of incomplete or nonspecific antigen binding. In order to
mitigate the potential for erroneous results, the general epitope region of the manufactured
antibody was first BLASTed against the sequence of the fish protein to ensure sufficient amino
acid sequence conservation. However, since the exact epitope sequence is not usually provided
by manufacturers, it was not known if the antibody-antigen binding affinity in trout was as
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complete as in mammals. Primary antibodies were used at the highest recommended working
concentrations in an attempt to saturate the trout antigen. Some antibodies created non-specific
bands, but on these membranes, the darkest band on the blot was in the correct kDa region for
the protein of interest. The methods by which protein samples were standardized during Western
blot analysis also deserve consideration. The first step in controlling for variation was to
complete a BCA total protein assay for all samples in RIPA buffer, before diluting the samples in
5x Laemmli buffer. This was done to ensure the same amount of total protein was being loaded
into each lane of the gels. Controlling for variation also involved standardizing the specific
protein of interest to an internal control that did not change with treatments. Most internal
Western blot controls were cytoskeletal proteins, such as beta-actin, tubulin, and actin, and serve
as a viable method of normalization, such as in Chapter 4 where actin was used as the internal
control for the collagen blot to compare between transfected and untransfected cells. However,
TGF-β1 and bFGF both cause changes to cytoskeletal proteins (Maroni and Davis, 2012; Shi et
al., 2015), which is why total protein, using either a Coomassie or SYPRO ruby stain, was used
for normalization with any experiments involving TGF-β1 or bFGF.

6.7.5 Quantitative PCR

Quantitiative PCR (qPCR) was used in this thesis to compliment the results of protein,
morphology or amino acid analyses. Primers were designed manually using a combination of
both Primer 3 and Clustal Omega. Clustal was used to align the mRNA sequence of interest with
its associated gene so that exon boundaries could be identified and then used as a parameter for
primer design. Primers were designed so that either the forward or reverse sequence would span
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an exon-exon boundary, reducing the probability of non-specific binding. Other parameters that
were adjusted in an attempt to attain optimal design were product size, percent guanidine in the
primer sequences, and annealing temperatures. The same sets of gene-specific primers were used
for all experiments so that results could be compared between studies (e.g. the col1a1 forward
primer used in chapter 2 is the same one that was used along with the universal primer in chapter
4).

6.7.6 MicroRNA transfection

Transfection of cell cultures with microRNAs for the purpose of inducing translational
repression can be achieved by various techniques. The method used in chapter 4 was to transfect
the trout cardiac fibroblasts with a mature mimic of zebrafish miR-29b, that is, a single-stranded
oligonucleotide. Therefore, the functional status of endogenous drosha and dicer would not have
been implicitly derived from this study. That is, these cleavage proteins regulating miR
maturation would not have been involved in the experiments of this thesis, as the oligo
transfected into cells was already mature. Transfection was completed using RNAiMax which
utilizes lipid vesicles for microRNA delivery. The downside of this technique is that liposomes
demonstrate a degree of cytotoxicity, which may have altered the way the cells would normally
behave. This was mitigated by using a control that also contained the lipid vector, without any
microRNA. Significant effort was required to troubleshoot this protocol before the established
methods described in chapter 4 were used to gather the data recorded there. Initially, a TaqMan
probe qPCR assay was utilized to quantify miR-29b transcript abundance instead of the Qiagen
protocol discussed in chapter 4. This technique was recommended by the manufacturer as it is a
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powerful and accurate method of miR detection, but it posed the issue of consistency in
quantifying other genes. This is because the reverse transcription protocol that was used with the
RNA extracted from cells would only amplify miR-29b specifically, but not other mRNA.
Therefore, two different reverse transcription protocols would have had to be used in order to
investigate both miR and target gene transcript abundances. This method did, however, allow
detection of miR-29b in transfected and untransfected cells with confidence. The initial result of
an increase in miR-29b transcript abundance with transfection validated the transfection
protocol.

6.7.7 Fluorescence and dyes

Various methods of visualizing cellular components were used in most chapters of this thesis.
Fluorophore conjugated antibodies were used in chapters 2 and 3 to both quantitatively and
qualitatively assess protein composition of cardiac fibroblasts. During initial experiments,
controls were run using either only the primary or secondary antibody to ensure that any
fluorescence observed was the result of secondary conjugated antibody binding to the primary
antibody. Fluorescent dyes that were not conjugated to antibodies were also used in various
experiments, either for ensuring the absence of mycoplasma (Hoechst stain), or for visualizing
nuclei (DAPI). Both of these dyes bind to DNA, but Hoechst is more permeable than DAPI,
which allows for better visualization of microbial contaminations (Bucevicius et al., 2018). A
Hoechst stain was applied to every new culture established to ensure the absence of mycoplasma
after several passages and before/during experiments. This was done to ensure mycoplasma
contamination by lab personnel did not occur, as it would affect experiments (Bols et al., 2017).
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Figure 34. Proposed model of collagen remodeling in the rainbow trout heart in response to thermal
acclimation.
Fig. 1 A) Cold temperatures initially increase blood viscosity, which places more mechanical stress on
individual cells within the heart. B) Physical forces (e.g. stretch) open mechanically sensitive cellular
membrane components, activating intracellular pathways, namely MAPKs (chapter 4). C) MAPK and/or
Smad2 phosphorylation leads to altered gene expression (chapters 2 and 3). D) Collagen type I mRNA
translation can be inhibited by microRNA-29b (chapter 5). Red stars indicate contributions of this thesis.
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