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ARTICLE INFO ABSTRACT

Edited by: Michael Hedrick Damage to the human heart is an irreparable process that results in a permanent impairment in cardiac function.
There are, however, a number of vertebrate species including zebrafish (Danio rerio) that can regenerate their
hearts following significant injury. In contrast to these regenerative species, mammals are known to have high
levels of thyroid hormones, which has been proposed to play a role in this difference in regenerative capacity.
However, the mechanisms through which thyroid hormones effect heart regeneration are not fully understood.
Here, zebrafish were exposed to exogenous triiodothyronine (T3) for two weeks and then their hearts were
damaged through cryoinjury to investigate the effect of thyroid hormones on ECM remodeling and the com-
ponents of the immune response during heart regeneration. Additionally, cardiac fibroblasts derived from trout,
another species of fish known to display cardiac regenerative capacity, were exposed to Tj in vitro to analyze any
direct effects of T3 on collagen deposition. It was found that cryoinjury induction results in an increase in
myocardial stiffness, but this response was muted in T3 exposed zebrafish. The measurement of relevant marker
gene transcripts suggests that T3 exposure reduces the recruitment of macrophages to the damaged zebrafish
heart immediately following injury but had no effect on the regulation of collagen deposition by cultured trout
fibroblasts. These results suggest that T3 effects both the immune response and ECM remodeling in zebrafish
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following cardiac injury.

1. Introduction

Damage to the mammalian heart, such as what occurs during a
myocardial infarction, leads to the formation of a permanent scar
resulting in impaired function. In contrast, zebrafish (Danio rerio), axo-
lotls (Ambystoma mexicanum), newts (Notophthalmus viridescens), and
neonatal mammals, can degrade the scar that is formed following car-
diac injury and then perform complete regeneration (Becker et al., 1974;
Flink, 2002; Peng et al., 2021; Porrello et al., 2011; Poss et al., 2002).
Successful heart regeneration relies on the activation and crosstalk of the
immune system along with the ability of cardiomyocytes to proliferate
(Godwin et al., 2017). Numerous factors have been proposed to result in
the unfavourable conditions for heart regeneration seen in humans
including polyploidization of cardiomyocytes, reliance on aerobic
metabolism in cardiomyocytes and traits of the immune system
(Honkoop et al., 2019; Kimura et al., 2015; Lavine et al., 2014; Notari

et al., 2018; Puente et al., 2014). Additionally, the transition to endo-
thermy in mammals has been hypothesized to be linked to the loss of
regenerative ability and is associated with greater levels of the circu-
lating thyroid hormones triiodothyronine (T3), and thyroxine (T4)
(Hirose et al., 2019).

Thyroid hormones act on many systems and exert different roles
depending on their location of activity (Franco et al., 2011). For
example, hyperthyroidism and hypothyroidism have both been found to
affect the immune system (De Vito et al., 2011). More specifically, hy-
perthyroidism has been found to cause a reduction in the production of
proinflammatory cytokines by macrophages and influences the chemo-
taxis of monocytes (De Vito et al., 2011). Additionally, T3 promotes the
polarization of macrophages from the M2 anti-inflammatory phenotype
to the M1 pro-inflammatory phenotype and reduces the number of
infiltrating macrophages in the peritoneal cavity, while increasing the
number of resident macrophages in the same region (Perrotta et al.,
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2014). Thyroid hormones have also been suggested to influence the
actions of various growth factors such as fibroblast growth factor (FGF)
and insulin like growth factor 1 (IGF-1) (Candelotti et al., 2015). The
ability of thyroid hormones to modulate components of the immune
system is believed to be through the activation of cell surface integrin
receptor avf3, which activates the MAPK pathway, rather than their
classical nuclear membrane receptors (Bergh et al., 2005; Lazar, 1993).
Therefore, the broad impacts of thyroid hormones appear to be related
to their capacity to affect cellular processes at both the genetic and
epigenetic level (Davis et al., 2018).

There have been varying reports on the role of thyroid hormones in
heart regeneration. Naqvi et al. (2014) suggested that the significant
increase in T3 levels that occurs shortly after birth in mammals results in
a large-scale proliferation of cardiomyocytes. To date however, these
findings have not been replicated by other labs (Alkass et al., 2015; Hirai
et al., 2016; Soonpaa et al., 2015). More recently, Tan et al. (2019)
suggested that T3, in conjunction with hydrogen peroxide (H203), pro-
motes cardiomyocyte division in neonatal mice through the activation of
JNK202, which is a mitogen-activated protein kinase (MAPK). However,
T3 has also been found to have negative impacts on heart regeneration.
Hirose et al. (2019) showed that depleting the thyroid hormone recep-
tor, TRa, in the cardiomyocytes of neonatal mice resulted in a prolonged
increase in the number of diploid cardiomyocytes and improved cardiac
function following damage relative to controls. This was predicted to be
due to a significant reduction in the expression of carnitine palmitoyl
transferase 2 (Cpt2), an enzyme involved in the breakdown of fatty acids
through beta-oxidation (Ceccarelli et al., 2011; Hirose et al., 2019). This
therefore suggests that Ts inhibits the division of cardiomyocytes
through binding to its nuclear receptors (Lazar, 1993). The increase in
cardiomyocyte division reported by Naqvi et al. (2014) and Tan et al.
(2019) may therefore be due to the downstream effects of T3 binding to
its integrin receptor and activating the MAPK pathway. At the level of
the whole heart, exposing zebrafish to exogenous T3 to mimic endoge-
nous conditions in mammals was shown to increase cardiomyocyte
polyploidization, reduce cardiomyocyte proliferation and result in an
overall impairment in heart regeneration (Hirose et al., 2019). However,
whether these effects were due to T3 acting directly on cardiomyocyte
proliferation or having effects beyond the cardiomyocyte has not been
examined.

Circulating thyroid hormone levels increase shortly after birth in
mammals as they become endothermic (Hirose et al., 2019; Naqvi et al.,
2014). This correlates with the time at which heart stiffness increases
and the loss of regenerative capacity occurs (Notari et al., n.d.). The
purpose of this study was to determine if thyroid hormones affect heart
regeneration through modifying the immune response and subsequent
remodeling of the extracellular matrix (ECM). To do this, zebrafish were
exposed to T3 and then their hearts were damaged using a cryoprobe.
Atomic force microscopy was then used to measure Young’s modulus, as
a proxy of tissue stiffness, at multiple time points following injury as
myocardial stiffness has been demonstrated to increase with an increase
in collagen content (Brower et al., 2006; Mujumdar et al., 2001). It was
predicted that treatment with T3 would increase tissue stiffness. These
measurements were compared to those from the hearts of control fish
that had undergone cardiac injury but had not been exposed to exoge-
nous Ts. Following cardiac injury, we also examined the influence of T3
on the expression of genes related to: cardiomyocyte proliferation,
(neuregulin (nrgl), insulin like growth factor 1 (igf1)); the immune
response (macrophage expressed 1 (mpegl)); and ECM remodeling
(matrix metalloproteinase 9 (mmp9); collagen type 1 alpha 1 (collal);
lysyl oxidase type 1 (loxl1), transforming growth factor §-1 (tgfbl) and
vimentin). Finally, as fibroblasts are the main cell type involved in
remodeling ECM, trout (Oncorhynchus mykiss) cardiac fibroblasts were
exposed to T3 and the expression of gene transcripts of proteins related
to the regulation of collagen (collal, mmp9; matrix metalloproteinase 2
(mmp2); and tissue inhibitor of metalloproteinase 2 (timp2)); and the
protein collagen type 1 (Collal) were analyzed to determine if thyroid
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hormones influence the ECM by directly acting upon fibroblasts
(Hortells et al., 2019). Trout cardiac fibroblasts were used as they were
readily available. Previous work has demonstrated that trout, like
zebrafish, are capable of undergoing cardiac ECM remodeling following
damage (Zena et al., 2021).

2. Methods
2.1. Animal husbandry

Wildtype adult female zebrafish (age = 8 months) were obtained
from an inhouse breeding program at the Hagen Aqualab, University of
Guelph and maintained in general holding tanks at 26.5-27.5 °C and a
photoperiod of 12 h light:12 h dark. The fish were held at a density of 25
fish per 10 1 tanks and fed Gemma 300 (Skretting, Maine, USA) twice a
day. Nitrate, nitrite and ammonia levels were continuously monitored in
the tanks. All experimental procedures were approved by the University
of Guelph Animal Care Committee (AUP#4891) under the auspices of
the Canadian Council on Animal Care (CCAC).

2.2. Overview of in vivo zebrafish T3 exposures

Two separate experiments were performed to examine the influence
of T3 exposure on heart regeneration in zebrafish following injury. In the
first experiment, 48 zebrafish were exposed to 5 nM T3 for at least 14
days prior to injury, as conducted by Hirose et al. (2019), and then
sampled on days 0, 3, 7 and 14 post-injury. These timepoints correspond
to the period in which the immune response, cardiomyocyte prolifera-
tion and extensive ECM remodeling are known to occur in zebrafish
following cardiac injury (Gonzalez-Rosa et al., 2017). The T3 exposure
conditions were identical to those used previously (Brown, 1997; Hirose
etal., 2019). Cryosections were taken from these hearts to measure their
stiffness using atomic force microscopy (AFM). In the second experi-
ment, 48 zebrafish were treated as above with T3 and then sampled on 1,
3 and 7 days post-injury (dpi) so that the expression of gene transcripts
could be measured using RT-qPCR.

2.3. Zebrafish T3 exposure and heart cryoinjury

Zebrafish were transferred from the general holding tanks to 2 1 static
tanks at a density of either 3 fish/1 (for the AFM experiment) or 4 fish/1
(for the qPCR experiment). Water temperature was maintained at 27 °C
+ 1 °C and air stones were used to maintain saturating O, levels. After
three days of acclimation, experimental fish were exposed to T3 as
previously described by Brown (1997). In brief, a 50,000 nM stock of Tg
(Sigma, T2877) dissolved in dimethylsulfoxide (DMSO) (Fisher Scien-
tific) was added to system water so that the final concentration of DMSO
in the water was 0.01 % and the concentration of T3 was 5 nM. The tank
conditions for the control group were the same but only DMSO was
added to the tank. The water in all tanks was changed daily to maintain
the T3 concentration in the experimental tanks and water quality.
Following two weeks of T3 exposure, the hearts of the treated fish and
control fish were damaged using a cryoinjury procedure as outlined by
Chablais and Jazwinska (2012a, 2012b). In brief, fish were anesthetized
in 0.032 % tricaine methanesulfonate (MS-222; Syndel) buffered with
0.6 g/1 sodium bicarbonate and then transferred into the slit of a moist
sponge. The skin and pericardium directly above the ventricle were then
cut using iridectomy scissors and a liquid nitrogen cooled cryoprobe
with a tip diameter of 0.8 mm was held at room temperature for 10 s and
then placed directly against the beating ventricle for 24 s. UV sterilized
system water was dropped onto the ventricle to thaw and remove the
cryoprobe. Following cryoinjury, zebrafish were placed back in their
original static tanks and allowed to recover for 3, 7 or 14 days (atomic
force microscopy; N = 6 for each timepoint) or 1, 3 or 7 days (RT-qPCR;
N = 8 for each timepoint). These timepoints, were chosen as they
correspond to the time in which scar formation is known to occur
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following cryoinjury in zebrafish (Chablais and Jazwinska, 2012b).
Zebrafish recovery was monitored closely and their swimming and
feeding behaviours were observed. In total, one zebrafish was removed
from the experiment due to poor recovery. To minimize infection risk
post-injury, all water used for water daily changes was exposed to a UV
filter.

2.4. Tissue histology

To establish that the injury protocol was damaging the ventricle,
hearts were embedded in paraffin wax, sectioned at 12 pm thickness as
above, then mounted onto frosted slides. Sections were then stained
with Picrosirius Red to differentiate between muscle tissue, collagen,
and fibrin (Junqueira et al., 1979; Whittaker and Przyklenk, 2009).
Briefly, sections were rehydrated in decreasing concentrations of iso-
propanol (3 times in 100 %, once in 70 %, 2 min each) then water (10
min). Rehydrated sections were stained with Picrosirius Red for 90 min.
Sections were then differentiated twice in acid water (2 min each) and
dehydrated in isopropanol (70 % for 45 s, 100 % for 2 min each). Sec-
tions were then incubated in xylene (3 times for 2 min each). Stained
slides were then imaged on a Nikon Ti2 Eclipse (Nikon, Melville, NY,
USA) under brightfield and polarized light to verify the presence of an
injury site using untreated zebrafish at 6, 7, and 10 dpi. Brightfield
images were used to identify the region of elevated collagen and
inflammation which present as dark red when stained with Picrosirius
Red. Under polarized light the collagen is visible as orange, and fibrin as
faint green due to birefringence (Junqueira et al., 1979; Whittaker and
Przyklenk, 2009).

2.5. Preparation of hearts for atomic force microscopy and qPCR

On sampling days, the fish were euthanized in 0.1 % MS-222 buff-
ered with 0.6 g/1 sodium bicarbonate and the hearts were removed. If
the heart was to be used for AFM it was exposed to 0.1 M KCl to promote
maximal contraction and then transferred to cryomatrix (Epredia) and
allowed to freeze on dry ice cooled ethanol. The frozen hearts were then
sectioned longitudinally using a Leica cryostat at a thickness of 12 pm
and thaw-mounted onto frosted slides. If the hearts were to be used for
RT-qPCR they were snap frozen on dry ice and stored at —80 °C until use.

2.6. Blood collection and T3 ELISA

The circulating T3 levels in control zebrafish and those exposed to T3
were measured using an ELISA kit (Eagle Biosciences, Cat# T3T31-K01)
following the collection of blood plasma at 14 dpi as outlined by Babaei
et al. (2013). In brief, one day prior to blood collection, the bottom tips
of 0.6 ml microcentrifuge tubes were removed using a razor blade. The
0.6 ml tubes were placed in 1.5 ml tubes and soaked in 700 pl of 5.4 mg/
ml heparin for 30 min. The heparin solution was discarded, and the
microcentrifuge tubes were incubated at 65 °C until dry and then left to
sit at room temperature overnight. The following day, zebrafish were
euthanized in buffered MS-222 (0.1 % MS-222, 0.6 g/1 NaHCO3) on ice.
The caudal fin was severed using a heparinized razor blade and the fish
was placed with the wound facing down into a heparinized 0.6 ml tube
sitting within a 1.5 ml tube. The tubes were then placed into a centrifuge
and spun at 200 g for 5 min at 4 °C to collect the blood at the bottom of
the 1.5 ml tube. For fish that were too big to fit into the tubes, blood was
collected using heparinized capillary tubes following the methods out-
lined by Zang et al. (2015). The blood sample was then spun in a
centrifuge at 13,700 g for 15 min at 4 °C to separate the plasma. The
plasma was collected (approximately 4 pl per fish), transferred to a new
tube then stored at —80 °C. Plasma was pooled from 1 to 3 fish and then
T3 concentrations in the blood plasma were determined following the
assay instructions provided by the manufacturer.
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2.7. Measurement of dry body mass

Dry mass of the treatment and control fish was determined at 14 dpi.
Blood samples were first taken and then the fish were placed in an oven
at 50 °C. Daily mass measurements were taken until the value became
stable for 24 h (approximately 4 days post initial measurement).

2.8. Atomic force microscopy

Atomic force microscopy (AFM) measurements of the ventricle
cryosections from 48 zebrafish were performed in PBS buffer using the
Quantitative Imaging (QI) mode on a JPK NanoWizard Ultra Speed AFM
(Bruker; Appendix Fig. 1 A). QI mode is an optimized force spectroscopy
mode in which each pixel in an AFM image corresponds to a single force-
distance curve (Appendix Fig. 1B and C). Measurements were performed
using a NanoWorld PNP-TR Pyrex-Nitride cantilever with a nominal
spring constant of 0.32 N/m and a tip radius of curvature of 10 nm as
quoted by the manufacturer. A piezo z-length of 4 pm and a max force
setpoint of 5 nN was used for all measurements. The point of contact
between the tip and the sample was determined as a deviation from zero
force using a smoothing width of 1 within the JPK Data Processing
Software (version 6.1.195). The Young’s modulus E was determined by
fitting a portion of each force-distance curve to the Hertz model for a
quadratic pyramidal tip (Eq. 1) within the JPK Data Processing software
(Supplemental Fig. 1C):

E tana

F= —
1-12 2

where F is the force on the cantilever tip, 5 is the indentation depth, a is
the face angle of the pyramidal tip, and v is the Poisson’s ratio of the
sample which was chosen to be 0.5 (Lin et al., 2006). The portion of the
force-distance curve fit to the Hertz model corresponded to an inden-
tation depth of 1 pm as shown in the shaded grey region in Appendix
Fig. 1C. The value of 1 pm was chosen such that the fitted indentation
region was less than 10 % of the sample thickness (~12 pm) in accor-
dance with Bueckle’s rule to avoid any influence from the underlying
substrate (Persch et al., 1994).

AFM measurements were performed on 30 pm x 30 pm scan regions
of the ventricle cryosections using a pixel resolution of 128 px x 128 px
for a total of 16,384 Young’'s modulus E measurements per scan (Ap-
pendix Fig. 2). For each time point, tissue sections from 6 hearts were
measured using 3 to 6 scans across the whole ventricle per section,
resulting in 24 to 32 scans per time point. E values were excluded if the
fit to the Hertz model had a residual root mean square (RMS) value of
more than 40 pN. This resulted in an average of 13,571 accepted E
values per scan (average of 17 % excluded due to poor fits). For each
scan region, the median value of the Young’s modulus distribution
(Appendix Fig. 2C) was recorded to remove the influence of a small
number of larger outlier values (8 %).

@

2.9. Cell culture of trout cardiac fibroblasts

To characterize the influence of T3 exposure on the regulation of
collagen deposition by teleost cardiac fibroblasts, we performed exper-
iments using cardiac fibroblasts isolated from trout heart ventricles
(Johnston and Gillis, 2017). Trout cardiac fibroblasts were used in place
of zebrafish cardiac fibroblasts due to difficulty associated with estab-
lishing a zebrafish cardiac fibroblast cell line. Although the capacity for
heart regeneration has not been rigorously researched in trout, it has
been reported that they are capable of performing extensive ventricular
remodeling following coronary ligation to aid in the restoration of heart
function (Zena et al., 2021).

Four previously established lines of male trout cardiac fibroblast
cells were thawed and grown in Leibovitz L-15 (Gibco) supplemented
with 10 % fetal bovine serum (FBS), 1 % penicillin-streptomycin and 1 %
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amphotericin B (referred to as whole media) at 21 °C (Johnston and
Gillis, 2017). Cells were grown in T25 flasks until the cell density was
large enough to be passaged and transferred into a T75 flask. Passaging
was conducted once cells had reached a confluency of 80-90 %, which
occurred once a week. For passaging, whole media was removed and
cells were washed in PBS prior to adding a solution of 0.25 % trypsin-
EDTA and PBS at a 2:1 ratio to cause cell detachment. Once cells were
visibly detached from the surface of the flask, a volume of whole media
equivalent to the volume of trypsin-EDTA was added and the cell solu-
tion was centrifuged for 5 min at 500g and 4 °C. The cell pellet was then
resuspended in whole media. In order to expose cells to T3, 300,000 cells
were placed in each well of a 6 well plate containing whole media and
allowed to attach to the bottom of the well overnight. Cells were counted
and checked for viability using trypan blue and a TC20 Automated Cell
Counter (Bio-Rad). The next day, the media was removed, and cells were
placed in pure Leibovitz L-15 overnight in order to pause the cell cycle.
T3 was dissolved in 1 M NaOH and then diluted in whole media to yield
final concentrations of T3 of either 10 nM or 70 nM, all with a concen-
tration of NaOH equal to 20 mM. The concentrations were chosen as
they represent the concentrations of T3 reported to stimulate neonatal
mouse cardiomyocyte proliferation (Naqvi et al., 2014; Tan et al., 2019).
Cells were then placed in either pure whole media or whole media
containing 20 mM NaOH with or without 10 nM or 70 nM T3. Media was
then replaced every 2 days to refresh the concentrations of Ts. Following
the 7-day incubation, cells were prepared for either RNA or protein
extraction.

2.10. Western blot analysis

The cardiac fibroblasts were harvested and then prepared for west-
ern blotting as previously described (Johnston and Gillis, 2018). West-
ern blotting, using the rabbit anti-salmon type I collagen antibody (Cat.
No. CL50171AP, Cedarlane) was completed on the resultant protein
samples as previously described (Johnston and Gillis, 2018).
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2.11. RT-qPCR on zebrafish ventricles and trout cardiac fibroblasts

To isolate RNA from regenerating zebrafish hearts, 4-6 ventricles
were isolated and homogenized using a sonicator. The Direct-zol RNA
microprep kit (Zymo Research) was then used following the provided
protocol (Gonzalez-Rosa et al., 2018). RNA was isolated from trout
cardiac fibroblasts as previously described (Johnston and Gillis, 2017).
RNA concentration and purity of all samples were determined using a
Nanodrop (Thermo Fisher Scientific). cDNA was made through treating
1 pg of RNA with DNAse I followed by the use of a cDNA Synthesis Kit
(Life Technologies). Approximately 10 % of the samples were run
through the cDNA synthesis protocol with the exclusion of MultiScribe
Reverse Transcriptase (RT) to act as the negative RT controls. Standard
curves were made using primers for the genes shown in Table 1 using
methods outlined by Johnston and Gillis (2017). In brief, the RT-qPCR
protocol was conducted with the use of a CFX96 Touch Real-Time
PCR Detection System (Bio-Rad; Hercules, California, USA) using the
following settings: 10 min at 95 °C, 40 cycles of 15 s at 95 °C and 1 min
at 63.3 °C, ending with a melt curve from 65.0 °C to 95 °C with in-
crements of 0.5 °C every 5 s. Samples were run in technical triplicate at a
10x dilution and mRNA abundance relative to -actin was determined
using Bio-Rad CFX Manager software.

2.12. Statistical analysis

All data was analyzed using GraphPad Prism (GraphPad). An un-
paired t-test was used to compare means between groups for the body
mass and ELISA data. Median Young’s modulus values were recorded
from each scan and the mean value of these medians was plotted and
analyzed. Two-way ANOVAs followed by a Tukey post-hoc test were
conducted to compare means between groups for the AFM and in vivo
RT-qPCR data. A one-way ANOVA followed by a Tukey post-hoc test was
used to compare means between groups for the in vitro RT-qPCR data.
Data points that were greater than two standard deviations away from
the mean were removed as outliers.

Table 1
List of primers used for RT-qPCR.
Gene Sequence (5-3) Species Efficiency R? Source
(%)

tgfbl F: GCTGGTCTGGCAGATATGAT Zebrafish 98.1 0.996 (Page et al., 2013)
R: AGCTTGCGCATACAGCAGGT

igf1 F: CAGCAAACCGACAGGATATGG Zebrafish 104.9 0.995 (Nelson and Van Der Kraak, 2010)
R: CAGCTCTGAAAGCAGCATTCG

nrgl F: CACAAATGAGTTCACATCACCA Zebrafish 97.3 0.994 (Gemberling et al., 2015)
R: TCTGCTTTGCCATTACTCCA

loxl1 F: ATCGTAGGTCACAGGGTGGA Zebrafish 95.8 0.992 (Che et al., 2022)
R: GAGAGCCGGTTTGTGACTGA

vimentin F: ACCGGGGAAAAGAGCAAAGT Zebrafish 103 0.992 (LeBert et al., 2018)
R: CGAGCCAGAGAGGCGTTATC

mpegl F: CCCACCAAGTGAAAGAGG Zebrafish 98.9 0.997 (Ferrero et al., 2020)
R: GTGTTTGATTGTTTTCAATGG

mmp9 F: TACGGTAATGCTGAGGGTGC Zebrafish 104.8 0.998 (Tran and Kim, 2020)
R: ATAGTCTGCGGTGGTTGAGC

collal F: TGTCACTGAGGATGGTTGCAC Zebrafish 97.3 0.998 (LeBert et al., 2018)
R: GCAGACGGGATGTTTTCGTTG

efla F: GATCACTGGTACTTCTCAGGCTG Zebrafish 99.3 0.998 (Nelson and Van Der Kraak, 2010)
R: GGTGAAAGCCAGGAGGGC

p-actin F: ACACCCGACTACCACTTCAG Trout 84.7 0.999 (Johnston and Gillis, 2017)
R: GACTGAGAAGCTGGGTTTGG

timp2 F: ACATTTTCCCTCCACGCGAT Trout 89.9 0.997 (Johnston and Gillis, 2017)
R: TTCTGCGATGTCTTCCACCC

collal F: CCCGAGCCATGCCAGAT Trout 89.4 0.996 (Johnston and Gillis, 2017)
R: CGGATGTGTCCTCGCAGATAA

mmp2 F: AGACGCATAGACGCTGGCTAA Trout 91.4 0.995 (Johnston and Gillis, 2017)
R: GCAGGATAGGCTGGTTGGATAG

mmp9 F: ACCCCTTCGATGGTAAGGAC Trout 91.5 0.988 (Johnston and Gillis, 2017)
R: GGTCCAGTTTTCGTCATCGT
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3. Results

3.1. Influence of T3 exposure on plasma T3 levels and body mass of
zebrafish

The measured T3 concentrations in the control and treated fish were
16.3 + 12.4 nM and 52.9 + 26.8 nM, respectively (p > 0.05). The T3
exposure protocol used in the current study mimicked that of Hirose
et al. (2019) where the published values, ~15 nM and ~ 25 nM, were
similar to those of the current study but less variable. The source of the
variability in the current study is not known. There was no difference in
body mass between T3 treated zebrafish and the control zebrafish (0.164
+ 0.008 g vs 0.163 £+ 0.012 g).
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3.2. Histology of wound site

The magnitude of an injury site varies depending on where the sec-
tion is taken from (Chablais et al., 2011). Therefore, the extent of injury
observed on each section can be variable; however, the histological
investigation revealed that the cryoinjury procedure caused significant
damage to the ventricle (Fig. 1). At 1 dpi, necrotic tissue was apparent in
a large portion of the ventricle (Fig. 1B). The wound site at 1 dpi was
characterized by a long, thin fibrin clot, reduced trabecular organiza-
tion, which stands in stark contrast to the well-ordered and robust
trabeculae around the wound site (Fig. 1B). At 7 dpi, the region of
necrotic tissue was greatly reduced and replaced with a high density of
collagen surrounding the fibrin clot. The periphery of the wound site

co
fc

100 pm
—

Fig. 1. Representative images of zebrafish heart post cryoinjury. (A) A super cooled probe was used to cause a cryoinjury to the ventricle in anesthetized
zebrafish. The heart was then sampled at specific days post injury (dpi), sectioned along the longitudinal axis and stained with Picrosirius Red to identify the injury
site. (B) Brightfield images of ventricular sections at 1-, 7-, and 10-dpi showing the injury site (is) near the apex of the ventricle (v). (C) The brightfield image at 7-dpi
shows the yellow fibrin clot (fc) surrounded by brightly stained red collagen (co). (D) The polarized image highlights the densely packed (orange) collagen in the
regions surrounding the faint green fibrin in the 7-dpi section. Healthy tissue of the spongy myocardium (sm) and the compact myocardium (cm) can be seen to the
left of the injury site. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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was inflamed and was darkly stained by Picrosirius Red under bright-
field (Fig. 1C). The presence of collagen and fibrin were confirmed under
polarized light which showed dense collagen fibres as red to orange and
fibrin as faint green (Fig. 1D). At 10 dpi, the wound was similar to that at
7 dpi, presenting a fibrin clot surrounded by dense collagen and pe-
ripheral inflammation.

3.3. Influence of cardiac injury and T3 exposure on the stiffness of the
zebrafish ventricle cryosections measured using atomic force microscopy

Median Young’s modulus values were recorded for the ventricle
cryosections from the T3 exposed and control zebrafish. Each data set
contained four time points: undamaged (day 0), 3 dpi, 7 dpi, and 14 dpi.
The measured median Young’s modulus values of the ventricle cryo-
sections of undamaged control fish are similar to those obtained from
zebrafish ventricle cryosections using similar methods (Grivas et al.,
2020). This indicates that the protocol used in the current study enabled
successful detection of stiffness within the zebrafish ventricle. Median
Young’s modulus values were found to be nearly identical between the
control and T3 exposed groups prior to injury (278 + 16 Pa and 267 +
13 Pa respectively) (Fig. 2). Following injury, there was a significant
increase in median Young’s modulus values in both groups, which
remained significantly elevated throughout the first 14 dpi (Pinteraction =
0.0036) (Fig. 2). At 3 dpi, median Young’s modulus values were
significantly greater in the control group (450 + 27 Pa) relative to the T3
exposed group (347 + 17 Pa; p < 0.05). Finally, the median Young’s
modulus values were significantly higher in the control fish at 3 dpi than
at 7 dpi and 14 dpi (p < 0.05).

3.4. Influence of cardiac injury and T3 exposure on the expression of
select gene transcripts in the zebrafish heart

There was no significant interaction between treatment and time on
the expression of the gene transcript for vimentin (vimentin) (Fig. 3A).
There was, however, a significant effect of treatment on the expression
of vimentin with relative levels being higher in the hearts of control fish
at each time point then in the hearts of the treated fish at each time point
(Fig. 3A). In addition, the expression of vimentin was higher in the
control and treated samples at 3 dpi than at 1 and 7 dpi (Fig. 3A). There
was no interaction between treatment and time on the expression of
collal, but there was an effect of time with the levels of collal being

QO Control

500~ * I T3 treated

450 B

400

o0

350
300

o>

250

Young’s Modulus (Pa)

zocllllllll
0 2 4 6 8 10 12 14

Day Post Injury

Fig. 2. The influence of T3 exposure on the median Young’s modulus values of
zebrafish myocardium following injuring. N = 6 samples, with 3-6 scans per
section. Values are presented as mean + S.E.M. Statistical differences between
mean values for the control group are indicated using capital letters and those
for the treatment group are indicted with lowercase letters. Two mean values
within the same group that do not share the same letter are statistically
different. Asterisks indicate a difference between treatment and control at the
same time point. Statistical significance was determined through a two-way
ANOVA followed by a Tukey post-hoc test (p < 0.05).
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higher in samples from both treatment and control at 3 and 7 dpi than at
1 dpi (p = 0.006) (Fig. 3B). There was no interaction between treatment
and time on the expression of tgfb but there was an effect of time with the
levels of this transcript being lower in both treatment and control at 7
dpi than at 3 dpi (p = 0.01) (Fig. 3C). There was a significant interaction
between treatment and time on the expression of nrgl (Pinteraction =
0.004) and there was an effect of treatment (p < 0.003) with the
expression of the transcript in the hearts of the control fish ~2.9-fold
that in the hearts of the treated fish at 1 dpi (Fig. 3D). There was no
interaction between treatment and time on the expression of loxI1 but
there was an effect of time, with the expression of the transcript being
lower at 7 dpi in both treatment and control than at 1 dpi (p = 0.0037)
(Fig. 3E). There was no interaction between treatment and time on the
expression of mpegl but there were effects of treatment (p < 0.003) and
time (p < 0.008) with the level of the transcripts being lower in the
hearts of the treated fish at all time points than in the hearts of the
control fish (Fig. 3F). In addition, the levels of mpegl where higher in the
control and treated samples at 1 dpi than at 3 and 7 dpi (p = 0.003)
(Fig. 3F). There was no interaction between treatment and time on the
expression of mmp9 or igf1 (Fig. 3G and H). There was however an effect
of time with the levels of mmp9 being lower in control and treatment at 7
dpi than at 1 dpi (p = 0.048) (Fig. 3G) and the levels of igf1 being higher
in the treatment and control at 7 dpi than at 1 dpi (p = 0.033) (Fig. 3H).

3.5. Influence of T3 exposure on the expression of select gene transcripts
and Collal protein in cultured trout cardiac fibroblasts

No changes in the expression of collal, mmp9, mmp2 or timp2, were
observed in trout cardiac fibroblasts exposed to either 0, 10 or 70 nM of
T3 (Fig. 4a-d). There was also no effect of any T3 concentration on the
abundance of Collal protein (Fig. 4e)

4. Discussion

Heart regeneration involves multiple cell types, depends on the
ability of cardiomyocytes to proliferate and requires the activation of the
innate immune response and collagen deposition by fibroblasts (Ryan
et al., 2020). The results of the current study provide evidence that
thyroid hormone is involved in regulating this integrative response,
affecting the recruitment of macrophages and, as a result, the regulation
of collagen deposition and stiffness of the tissue.

4.1. Ts exposure blunted the changes in cardiac stiffness immediately
following damage

The lack of difference in tissue stiffness between the ventricle cryo-
sections from T3 exposed fish and control fish at day O prior to injury
suggests that 14 days of T3 exposure did not affect biomechanical
properties of the tissue. As changes in tissue stiffness can reflect collagen
content (Brower et al., 2006; Mujumdar et al., 2001); this suggests that
there is no difference in collagen content between the hearts from the
control and the Tj treated fish prior to injury. However, the increase in
the stiffness of the ventricle cryosections from both the treatment and
control groups following injury, indicates that the biomechanical
properties of the tissue are affected. As an increase in ventricle stiffness
reflects an increase in collagen concentration or cross-linking, this
suggests that there was an increase in collagen content in the hearts of
both Tj treated and control fish. The significantly higher stiffness of the
ventricle cryosections from the control fish at 3 dpi suggests that they
contain more collagen than those from the Tj treated fish. This result
contrasts that of a previous study on zebrafish that showed a decrease in
cardiac ECM stiffness at 7 dpi (Garcia-Puig et al., 2019). This opposite
response is likely due to differences in how cardiac damage was induced.
In the study by Garcia-Puig et al. (2019), the hearts were damaged using
ventricular amputation whereas cryoinjury was used in the current
study. With cryoinjury, the damaged tissue remains, resulting in the
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Fig. 3. The influence of T3 exposure on the expression of various genes in the zebrafish ventricle following cryoinjury. Gene expression is normalized to efla. Orange
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ventricles. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

infiltration of immune cells and formation of fibrotic tissue, while with
amputation a fibrin clot forms and no scarring occurs (Gonzdlez-Rosa
et al.,, 2017). It has been suggested that compared to ventricular
amputation, cryoinjury results in damage more akin to a myocardial
infarction (Gonzalez-Rosa et al., 2011). The greater stiffness measured
in ventricle cryosections from the control fish compared to those from
the treatment fish at day 3, suggests that T3 exposure may blunt the
fibrotic response of the heart to injury. This result was not expected as
work by Hirose et al. (2019) demonstrated that the scar caused by car-
diac injury measured at 28 dpi was larger in T3 treated zebrafish then in
control fish. However, the difference between the sampling times (28
dpi vs 3 dpi) makes the comparison of these results difficult.

4.2. Macrophage recruitment and cardiomyocyte proliferation following
injury may be reduced with T3 exposure

The gene transcript for mpegl is used as a marker of macrophages
(Simoes et al., 2020) so the lower levels of this transcript in the T3
exposed group at all sampling days relative to the untreated controls
suggests a decrease in macrophage recruitment to the wound site
following damage. In medaka, delayed recruitment of macrophages is
known to impair heart regeneration through a reduction in neutrophil
clearance, neovascularization and cardiomyocyte proliferation (Lai
et al., 2017). Therefore, an impairment in macrophage recruitment may
explain the reduced cardiomyocyte proliferation and impaired heart
regeneration that was observed in T3 exposed zebrafish by Hirose et al.
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(2019). Depletion of macrophages has also been shown to impair heart
regeneration in axolotls, despite having no effect on cardiomyocyte
proliferation (Godwin et al., 2017). Furthermore, the recent success
attributed to cardiac stem cell therapy following damage has been found
to be linked to the increased activity of macrophages rather than car-
diomyocyte production (Vagnozzi et al., 2020). Macrophages are also
known to contribute to collagen production in zebrafish and mouse
hearts following injury. Thus the reduced cardiac stiffness observed at 3
dpi in T3 exposed zebrafish may be due to a reduction in the number of
macrophages and an associated decrease in collagen production (Simoes
et al., 2020). This reduced stiffness may contribute to the previously
observed impairment in heart regeneration as limiting the fibrotic
response has been shown to impair cardiomyocyte proliferation in
zebrafish (Hirose et al., 2019; Sanchez-Iranzo et al., 2018). Therefore, it
is possible that T3 may impair the regeneration process by delaying or
muting the initial deposition of collagen at the wound site, which
potentially could reduce the ability to remove collagen later on in the
regeneration process.

Nrgl is an injury-induced cardiomyocyte mitogen and therefore the
transcript for this protein is a common marker for cardiomyocyte pro-
liferation (Gemberling et al., 2015). The lower levels of this transcript in
the hearts of T3 exposed zebrafish at 1 dpi therefore suggests an inhi-
bition of cardiomyocyte proliferation at that time point. This result is
supported by previous work where inhibition of the actions of thyroid
hormones on their respective nuclear receptors in mouse car-
diomyocytes helped to maintain cardiomyocyte division, and exposing
zebrafish to T3 impairs cardiomyocyte proliferation and overall heart
regeneration (Hirose et al., 2019). Igfl is also known to play an
important role in upregulating cardiomyocyte proliferation and the
higher levels of the transcript for this protein in the hearts of both
control and treated fish at 7 dpi relative to 1 dpi suggests that there may

be a progressive increase in cardiomyocyte production (Sallin and
Jazwinska, 2016).

Collagen type 1a is a component monomer of collagen in the fish
heart and the protein vimentin is used as a marker for fibroblasts, the
cells responsible for regulating collagen deposition in most tissues
(Chablais et al., 2011; Keen et al., 2016). An increase in the production
of these proteins during tissue regeneration would be expected as an
increase in collagen production is required for wound healing (Chablais
etal., 2011). This response in the injured fish is supported by the higher
levels of collal at 3 and 7 dpi relative to 1 dpi in both the control and T3
treated group. Additionally, an obvious collagen scar was observed in
the damaged zebrafish heart at 7 and 10 dpi in the current study.
Although no differences were seen as a result of T3 treatment at the level
of the gene transcript, a greater deposition of collagen in the control
group relative to the Ts treated group is suggested by the higher stiffness
seen in AFM measurements of the ventricle cryosections in the control
group as mentioned above. In addition, the higher levels of vimentin at
day 3 in both treatment and control suggests an increase in fibroblast
production, however the lower level of this transcript in the hearts from
the T3 treated fish at all time points suggests that thyroid exposure mutes
this response. If this is the case, then this implies that the exogenous T3
treatment is interfering with the normal tissue repair process. Work by
Johnston and Gillis (2017) demonstrates that collagen production by
trout cardiac fibroblasts is increased after 48 h treatment with exoge-
nous TGF-B. The higher level collal at 3dpi and 7dpi relative to 1dpi
suggests that there may be a surge in the production of this protein, and,
therefore, collagen production following injury.

Loxl1 is a member of the LOX family of enzymes that is involved in
collagen crosslinking and the maturation of ECM proteins. Importantly,
these enzymes are induced following myocardial infarction and can lead
to cardiac fibrosis and dysfunction (Gonzalez-Santamaria et al., 2016).
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In addition, work by Godwin et al. (2017) suggests that dysregulation of
these enzymes in a species that can regenerate their heart leads to early
maturation of the ECM and is responsible, at least in part, for the
inability to replace fibrotic tissue. In the current study, there was a
decrease in the transcript levels of lox1l, independent of thyroid treat-
ment. This suggests that there would be a decrease in the production of
this protein, and, as a result, a decreased capacity to form highly
crosslinked scar tissue. Such a response would help ensure that the ECM
that forms following an injury is transient and, as a result, does not
hinder regeneration.

4.3. Ts has no direct effect on collagen production by trout cardiac
fibroblasts in vitro

Cultured trout cardiac fibroblasts were exposed to exogenous T3 to
determine if the impairment of heart regeneration reported by Hirose
etal. (2019) in zebrafish exposed to T3 may be due, at least in part, to the
direct effect of T3 on collagen production by fibroblasts. The lack of
changes in the transcript levels of mmp2, mmp9, timp2 and collal and in
the abundance of collagen type 1a measured using western blot in the
cardiac fibroblasts exposed to T3 suggests that these cells do not respond
directly to changes in T3 concentrations. Therefore, it appears as though
the impairment of heart regeneration caused by increased T3 levels in a
fish species is not due to a direct impact of T3 on collagen production by
fibroblasts. In turn, this suggests that the blunted increase in tissue
stiffness at 3 dpi in T3 exposed zebrafish, compared to that of control,
measured using AFM is likely caused by reduced numbers of macro-
phages and fibroblasts rather than changes in collagen production by
individual fibroblasts. This idea is supported by the finding that expo-
sure to T3 for 14 days prior to injury did not cause a difference in
stiffness between control and treatment groups at day 0. However, it is
also possible that T3 has an indirect effect on the activity of cardiac fi-
broblasts in vivo. Future investigation into the effects of T3 on the
abundance and activation of fibroblasts post-injury is warranted.

5. Conclusions and perspectives

The results of this work suggest that the comparatively low level of
T3 in zebrafish plays a role in the regenerative capacity of the heart
following injury. A reduction in macrophage recruitment to the site of
injury in the Tj treated fish, as suggested by the significantly lower
expression of mpegl, is proposed to lead to a reduction in collagen
expression and the measured decrease in tissue stiffness. An initial in-
crease in collagen deposition immediately following injury is thought to
be a necessary step in tissue repair and the results of this study suggest
that a relatively high T3 level can blunt this response (Sanchez-Iranzo
et al., 2018). Further work to determine the relationship between T3
levels and macrophage recruitment following injury is needed and the
results of such studies could contribute to the development of novel
therapeutics to increase the regenerative capacity of the mammalian
heart.
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