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Abstract

The heart is an essential organ for living organism. A small defect in cardiac
developmental process can cause abnormality of cardiac morphogenesis, leading to early
lethality or serious cardiac dysfunction. Cardiac development continues after birth and
cardiac maturation during the first 2 weeks of neonatal stages is an important process. At
this stage, cardiomyocytes (CMs) stop their proliferation dramatically and initiate
hypertrophy instead. The transition of CM from proliferation to hypertrophy is an
irreversible process and determines the final number of CM in the heart, and an imbalance
at this step can cause cardiac dysfunction. In addition to CM, non-CM cells in the heart
such as cardiac fibroblasts are supposed to play roles in the maturational processes, and
their functions have not been fully understood. Moreover, although a substantial change
in CM property after birth is well known, the changes in non-CM cells after birth and
their relationships to CM remain unknown.

Previous studies on heart regeneration using fish models have revealed that Raldh2, a
gene encoding synthetic enzyme of retinoic acid (RA), is differentially expressed in
endocardial cells in cardiac regenerative/ non-regenerative fish hearts. Their analysis
suggested that non-CM cells contribute to CM proliferation during cardiac regeneration
by producing RA, which is a well-known biologically active ligand that plays essential
role for early embryonic heart development by facilitating CM proliferation. Furthermore,
RA was shown to disturb CM hypertrophy in vitro. Thus, RA has multiple function in CM
proliferation and hypertrophy. However, because Raldh2 knockout mice are embryonic
lethal around embryonic stage 10.5, RA functions at a late stage of cardiac development

such as the neonatal maturation has not been known.



In this study, I show RA contribution to neonatal CM maturation. The Raldh2 was
transiently upregulated in cardiac fibroblasts during neonatal stages. The Raldh enzyme
activity and RA-related gene expression were also upregulated. An excess of RA
facilitated CM proliferation and accelerated heart growth. This study for the first time
suggests that RA plays a role not only in cardiac development and regeneration but also
in cardiac maturation by extending the time window of CM proliferation at neonatal
stages. Further studies of cardiac maturation will contribute to understanding of cardiac

disease and to medical application.
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General introduction

Mutant phenotype of retinoic acid synthetic enzymes

Retinoic acid (RA), a derivative of vitamin A, is known to be essential for embryogenesis
and mutations of main RA synthetic enzyme Raldh?2 (Retinaldehyde dehydrogenase2) can
result in embryonic lethality around E10.5'. Raldh2-/- mutant hearts fail to undergo
cardiac looping? and show reduced posterior chamber (atria and sinus venosus) outgrowth,
and defective ventricular trabeculation'. Furthermore, they show abnormality in forebrain
and craniofacial development. Raldhl and Raldh3 were also known as RA synthetic
enzyme. Raldhl-/- mutant is viable and shows no phenotype®. Raldh3-/- mutant is also

viable, but shows abnormal development of semicircular canals®.

Retinoic acid synthesis and property

At the first step of RA synthesis, vitamin A (retinol) is uptaken from the blood stream and
metabolized into retinal (Fig. 1). Retinal is metabolized into all-trans RA by Raldh
enzymes. All-trans RA binds to Retinoic acid receptor (RAR) and works as a transcription

factor in nucleus. RA is liposoluble and well-known as a diffusible morphogen.

Function of retinoic acid in heart

RA is known to repress CM hypertrophy in vitro>~. Furthermore, RA signaling is
indispensable for developmental cardiac morphogenesis and for the capacity to stimulate
CM proliferation via fibroblast growth factor (FGF), erythropoietin (EPO), and insulin-
like growth factor (IGF)* 1 signaling. RA is also known to stimulate CM proliferation in
adult fish hearts, and RA signaling is essential for CM proliferation during zebrafish heart
regeneration'!. Thus, RA is implicated in hypertrophy and proliferation of CM (Fig. 2).
However, RA function in late stage of cardiac development and adult stage is not fully
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understood. In this study, the author attempted to elucidate functions of retinoic acid in

late stage of cardiac development and adult heart regeneration.

Figures
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(Baker et al., 2007, Retinoic acid and the heart.)

Fig. 1. Pathways of retinoic acid (RA) synthesis.
Vitamin A (retinol) is uptaken from blood stream and metabolized into retinal at first.
Retinal 1s metabolized into all-trans RA by RALDH (Retinaldehyde dehydrogenase).

All-trans RA binds to Retinoic acid receptor (RAR) and works as a transcription factor in

nucleus.



In vitro CM hypertrophy model
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Fig. 2. Retinoic acid (RA) and CM hypertrophy/ CM proliferation

(A) RA suppreses Angiotensin II (hypertrophy inducer)-induced CM hypertrophy in vitro .

(B) Disturbance of RA signaling induces hypoplasia of compact zone muscle in cardiac development,

which is indicative of suppressed CM proliferation.

Tr. travecular muscle, CZ. compact zone muscle.



Chapter 1 Fish heart regeneration and retinoic acid

1-1. Introduction

Adult mammalian hearts do not regenerate after injury, which can be implicated in human
heart diseases, including ischemic myocardial infarction and scar formation'?. In contrast
to mammalian heats, non-mammalian vertebrates such as fishes and amphibians have the
ability to regenerate scarless hearts'>!* (Fig. 1-1), and this regenerative ability relies
mainly on the proliferation of existing cardiomyocytes'>"!” (Fig.1-2). Along with the
infiltration of proliferating cardiomyocytes, the wound is highly vascularized with
capillaries of coronary vessels'®!” (Fig.1-3).

In zebrafish heart regeneration, the importance of extracellular matrix (ECM)
molecules such as fibronectin and tenascin-C have also been shown so far and these
molecules are induced by TGF-B2%2!, In the case of the healing process of mammalian
hearts, another ECM molecule, periostin, is expressed and functions to promote the
migration of cardiac fibroblasts and fibrillogenesis, leading to scar formation together
with fibronectin and tenascin-C?>2*. In humans, periostin is abundantly expressed in the
infarct border after myocardial infarction; and its expression in mice is induced by TGF-
B following inflammation at the infarct border®. Periostin induces the migration of
cardiac fibroblasts via integrin av33, which induces phosphorylation of the downstream
kinase FAK (focal adhesion kinase) in these cells, leading to the production of type I
collagen. Thereafter, periostin acts to promote collagen cross-linking in ECM. At later
chronic stage of a myocardial infarction, fibrillogenesis is accelerated by periostin and
proceeds to generate a tight scar, in a similar fashion as seen in cardiac hypertrophy?S.

Regarding the molecular events in zebrafish heart regeneration, injury to the heart
initiates an organ-wide reaction detectable as the induced expression of Raldh2, a retinoic
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acid synthesizing enzyme, in the endocardium as early as 3 hrs post-injury. This
expression in the endocardium adjacent to regenerating cardiomyocytes remains active in
the area of injury for several days. Disturbing the retinoic acid signaling induces decrease
of cardiomyocyte proliferation during regeneration, indicative of the significance of
retinoic acid (RA) signaling in zebrafish heart regeneration !! (Fig. 1-4).

In spite of the growing interest in using fish models for probing heart regeneration, the
difference in cardiac regenerative ability among fish species is unknown. Medaka is
another representative fish animal model in addition to zebrafish; however, no reports on
heart regeneration in medaka have been published, though the medaka fin does
regenerate?’.

In this study, I examined the ability of medaka to regenerate the heart tissue after
ventricular resection. Unexpectedly, I observed persistent collagen accumulation, mild
proliferation of cardiomyocytes, a lack of vascularization, and the molecular marker

expression patterns different from those of the zebrafish.



1-2. Materials and Methods

Fish Strains, Maintenance, and Surgery

The Cab?® and Kaga?’?° medaka strains and the Ekkwill zebrafish strain (EkkWill
Waterlife Resources) were used for this study. The latter was kindly donated by Dr. Kazu
Kikuchi (Victor Chang Cardiac Research Institute). Adult fish were maintained at 28°C in
a re-circulating system. Fish at >3 months of age were used in all experiments. Although
ventricular apex amputation for both species was performed as previously described'?,
the ratio of excision area to total ventricular area was reduced for medaka survival. For
medaka surgery, a sufficient supply of oxygen was needed for revival from the anesthesia.
Experiments were carried out in accordance with the animal use guidelines at Tokyo

Institute of Technology.

Histology
For optimization of staining conditions, the cryosection method was used with 14-um
sections for AFOG staining, fIi/ analyses, Raldh2 analyses, and periostin immunostaining
of zebrafish; whereas for the medaka samples, the paraffin section method was used with
4-um sections for the EdU proliferation assay and 14-pum ones for immunostaining. The
AFOG staining was conducted as described previously'®. Bright-field images were
collected by an upright microscope (Carl Zeiss, Thornwood, NY; Axioplan2 imaging).
Quantification of collagen-positive or ventricular area was performed by using Image J
software. The ventricular area contained both ventricular myocardium and lumen.

For immunohistochemistry, the following primary antibodies were used: MF20 at
1:100 (Developmental Studies Hybridoma Bank [DSHB, Indianapolis, IN]), rabbit anti-

collagenl at 1:100 (AbD Serotec, 2150-1410), mouse anti-smooth muscle actin at 1:100



(Dako, Carpinteria, CA; M0851), rabbit anti-GFP at 1:500 (MBL, No. 598), rabbit anti-
raldh2 at 1:500 (GeneTex, Irvine, CA; GTX124302), rabbit anti-zebrafish periostin-a at
1:100, rabbit anti-zebrafish periostin-b at 1:500, rabbit anti-medaka periostina at 1:100,
and rabbit anti-medaka periostin-b at 1:100. The secondary antibodies used were goat
anti-rabbit AlexaFluor 488 and goat anti-rabbit AlexaFluor 568, both at 1:500 (Molecular
Probes, Eugene, OR).

The sections were treated with primary antibody overnight at 4 °C after preventing non-
specific binding with Blocking One reagent (Nacalai Tesque), and then incubated with
secondary antibodies 30 min at room temperature. For immunostaining with MF20
antibody, the antigen unmasking technique with citrate buffer was performed. The
fluorescent images were collected by a laser-scanning confocal microscope (Olympus,

Center Valley, PA; FV1000).

EdU Incorporation and Quantification

EdU treatment and staining were performed by using a Click-iT EdU Imaging Kit
(Molecular Probes). EAU at 25 uM in breeding water was incorporated into adult medaka
over a 7-day period. The staining procedure conformed to the manufacturer’s protocol.
The fish were sacrificed after the last day of the treatment. Quantification of EAU"/ MF20™*
cells was carried out by using Image J software (NIH). For the area quantification, the
outline of the ventricle was traced from the differential interference-contrast (DIC) image.
As described above, the ventricular area contained both the ventricular myocardium and
lumen. By utilizing the scale information, the area was determined. The mean cell counts

and area quantification were performed by using 3 arbitrarily chosen sections per sample.
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Generation of Medaka Transgenic Line
A fosmid clone (GOLWF no 683 j24) including the Raldh2 gene, which was identified
from the Medaka ensemble database, was used for homologous recombination. The
homologous recombination was performed according to a previous report®!. An EGFP-
kanamycin cassette was amplified by using appropriate primers (5’-
ATCAACAAAGCCATGACCGTCTCCACAGCCATGCAGGCCGGCACTGTCTGAT
GAGCCATATTCAACGGGA-3’ [forward] and 5’-
CTGGAAAATACACAGAGCATCGATCACTCTCGGTCATTAGACTCCTGCTCTTA
GAAAAACTCATCGAGCA -3’ [reverse]) and recombined into the exon 1 of the medaka
Raldh2 gene. The recombined fosmid clone was injected into the cytoplasm of one-cell
stage embryos. For establishment of Raldh2-GFP transgenic medaka, we used the
fertilized eggs from the medaka Cab line.

The fliI-GFP transgenic line was kindly provided by Dr. M. Furutani-Seiki at the

University of Bath, UK?2

Preparation of Rabbit Polyclonal Anti-Periostin Antibody

Polyclonal rabbit anti-medaka periostin-a/ periostin-b antibodies were raised by
immunization of rabbits with keyhole limpet hemocyanin (KLH)-conjugated peptides
DLLDPNEKLKLAENEN (representing amino acids 143—158 of medaka periostin-a)
and ELLDEDVRNALVSNVN (representing amino acids 141-156 of medaka periostin-
b). The antibodies were affinity purified with a minicolumn of HiTrap Protein G HP (GE
Healthcare Biosciences, Waukesha, WI). Polyclonal rabbit anti-zebrafish periostin-a
antibodies were raised by immunization of rabbits with KLHconjugated peptide

EELDPASKAAVISRGN (representing amino acids 143—158 of zebrafish periostin-a)
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and affinity purified by using a minicolumn of HiTrap NHS-activated HP (GE Healthcare
Bio-sciences). The anti-zebrafish periostin polyclonal antibodies previously reported*?

were used as anti-zebrafish periostin-b antibodies.

Cloning of the Medaka Periostin Gene
As a template for cloning PCR, a mixed cDNA synthesized by RNA from whole ventricle
was used. RNA extraction was performed by using ISOGEN (NIPPON GENE), and the
cDNA synthesis was carried out with a PrimeScript II 1st strand cDNA synthesis Kit
(Takara, Shiga, Japan). PCR products were cloned into pCR4-TOPO vector and
sequenced. Specific primers designed for medaka periostin cloning were as follow:
Periostin-a: F- GCAGAGTGTGTTAGTGACCTT

R- TACCATGCACTTTGTCTACAG
Periostin-b: F- CTCTGGAACTGGAAAGGCTTG

R- AGCAGGTAGCATGCAGTGAAG

Wholemount in situ Hybridization

Hearts were fixed overnight in 4% PFA and washed with PBST (1x PBS, 0.1% Tween20).
Then hearts were dehydrated with 25%, 50%, 75% MeOH/ PBST series, and finally
dehydrated in 100% MeOH overnight in -30°C.

(Day 1) The dehydrated hearts were re-hydrophilized with 75%, 50%, 25% MeOH/ PBST
and PBST. After treatment of 10ug/ml proteinase K/ PBST and washing, hearts were re-
fixed 20 minutes with 4% PFA at room temperature. Then washed with PBST, acetylation
treatment was done with 0.1M Triethanolamine-HCl (pH 8.0) and 0.25% acetic

anhydrate/ 0.1 M triethanolamine-HCl (pH 8.0), to avoid non-specific electrostatic
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binding between tissue and probes. Again washed with PBST, hearts were pre-hybridized
2 hour with hybridization buffer (50% formamyde, 5x SSC, 0.1% Tween20, 50 pg/ ml
heparin, 50 pg/ ml torula RNA) at 65°C. Then the buffer was replaced with buffer
containing 1ug/ ml of digoxigenin (DIG)-labeled antisense-RNA probes and incubated
overnight at 65°C.

(Day 2) Hearts were washed 2x 30 minutes with 50% formamyde/ 2x SSC/ 0.1%
Tween20, 15 minutes with 2x SSC/ Tween20 and 3x 30 minutes with 0.1x SSC/ 0.1%
Tween20. Then washed with PBST at room temperature, hearts were blocked an hour
with blocking buffer (5% lamb serum (GIBCO BRL), 200 ug/ ml of BSA/ PBST) at room
temperature. The buffer was replaced with blocking buffer containing 1:4000 of alkaline
phosphatase (AP)-labeled anti-DIG antibody and incubated overnight at 4°C.

(Day 3) Hearts were washed with PBST sufficiently, then washed 2 times with AP
reaction buffer (100 mM Tris-HCI1 pH 9.5, 50 mM MgCl,, 100 mM NaCl, 0.1% Tween20,
1 mM Levamisole) at room temperature. The buffer was replaced with AP reaction buffer
containing 450 pug/ml NBT, 175 pg/ml BCIP and incubated under blind condition until
adequate coloring was observed. The coloring reaction was stopped with PBST washing,
then fixed with 4% PFA/ PBS to preserve coloring. After washing, hearts were soaked in

80% glycerol and pictures were taken by using stereoscopic microscope (Leica, MZ16).

Semi-quantitative RT-PCR

Total RNA was extracted from 3 ventricles by using ISOGEN (NIPPON GENE). cDNA
was synthesized from 1 ug total RNA by using PrimeScript II 1st. strand cDNA synthesis
Kit (Takara). For PCR, cDNA was diluted into 1:20. Concentrations of each sample were

adjusted by f-actin as an internal control. Primers used in PCR were as follows:
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periostin-a F: GAAGAATGGCTTGGTTGTTCC
periostin-a R: CAGATGCAGCAGTAGCGAAAG
periostin-b F: TGTTGGACGAGGATGTGAGGA
periostin-b R: GTTTACAGTCACCACCCCATTGG
factin F: GATGACGCAGATCATGTTTGAG

p-actin R: AGATGGGTACTGTGTGGGTC

Generation of medaka periostin-b mutant by TILLING (Targeting Induced Local
Lesions in Genomes) method and genotyping

TILLING is a method for mutant generation by using ENU, a chemical mutagen. Library
of fish which have randomly mutated genomes was constructed at first. The library was
screened by high-resolusion melting temperature analysis for detection of fish with target
mutation*®. The sperm of fish with periostin-b mutation was artificially fertilized to wild
type egg®> and the line was crossbred with wild type more than 6 generations to remove
untargeted mutation. The established line has nonsense mutation in Tyr165 of medaka
periostin-b amino acid sequence. Genotype of fish was checked by electrophoresis of
enzymatically digested PCR products. Mse I restriction enzyme was used for the
digestion. Primers used for PCR were as follows:

F- GATCGACCATGTTTACGGGAGC

R- GAAGACGTTTGTTGGCCATGTG

Computational Analysis
Protein sequence alignment was performed by using GENETYX software ver.10

(GENETYX).
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1-3. Results and Discussion

1-3-1. Medaka Heart Repair after Ventricular Resection

To examine the injury response of the medaka (Oryzias latipes) heart, I firstly established
a method of operation to injure the medaka ventriculum. I adopted a ventricular apex
resection model for injury of the myocardium. After the operation, the medaka appeared
to be less active and more died than in the case of zebrafish. Therefore, I reduced the ratio
of the excision area to total ventricular area so that a greater number of medaka would
survive. The hearts collected from surviving medaka were observed at different time
points by acid fuchsin orange G (AFOG) staining, to which collagen is sensitive (Fig. 1-
SF-M). I also observed zebrafish (Danio Rerio) samples as a technical control (Fig. 1-
5A-E). The ratio of excision area to total ventricular area was reduced to the same as for
the medaka.

In the zebrafish, fibrin formation and collagen accumulation were observed at the
wound site from 1 week to 2 weeks postamputation (Fig. 1-5B and C). The wound was
filled with regenerated tissue, and little collagen remained by 30 days postamputation
(dpa, Fig. 1-5D). At 60 dpa, zebrafish heart regeneration was nearly complete, and only
faint staining of collagen remained (Fig. 1-5E).

In medaka, at 1 dpa, the injury area was filled with a blood clot (Fig. 1-5G), and then
the clot was replaced with fibrin by 4 dpa (Fig. 1-5H). From 1 week to 2 weeks post-
amputation, collagen accumulation was observed in the injured area (Fig. 1-51 and J). At
4 dpa, a-smooth muscle actin-positive putative myofibroblasts emerged in the wound
area (Fig. 1-5K). Thus, the medaka heart showed a response similar to that of the zebrafish
at these early time points. However, the wound in the medaka heart was occupied by

dense collagen by 30 dpa (Fig. 1-5L). Furthermore, in medaka, the collagen scar remained
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at 60 dpa (Fig. 1-5M) and even at 90 dpa (Fig. 1-6). At 14, 30, and 60 dpa, the collagen
area gradually expanded rather than being reduced by absorption (Fig. 1-5N).

To investigate the cardiomyocyte contribution to wound healing in medaka, we
performed co-immunostaining for cardiomyocytes and collagen at 30 dpa. Consistent
with the AFOG staining results, collagen was detected, but no cardiomyocytes were
observed in the injured area (Fig. 1-50).

To explore whether these medaka heart phenotypes were strain-specific or not, the
author confirmed these phenotypes in the heart of medaka strain Kaga®®, which has
different genetic background from the Cab strain (Fig, 1-7). As a result, the Kaga strain
also showed collagen scar in the injured heart at 30 dpa and it remained at 60 dpa,
indicating that the long-term scar formation is common in medaka strains.

These results reveal that the medaka heart responded to an injury in a different manner
compared with the zebrafish heart. The differential responses to injury in medaka and
zebrafish may be explained by the following possibilities. One is that an excessive fibrotic
response occurred in the medaka heart. This fibrotic response may be attributed to an
excessive proliferation of and collagen production by fibroblastic cells such as
myofibroblasts. Alternatively, matrix-degrading proteinases such as matrix
metalloproteinases (MMPs), which are highly expressed in regenerating heart in zebrafish

and newts2-¢

, may not have been sufficiently activated in the injured medaka heart. A
reduced collagen deposition is reported to facilitate myocyte progenitor engraftment to
an infarcted heart’’. Therefore, in medaka, it is likely that the excessive collagen
deposition disturbed the infiltration of cardiomyocytes into a wound and that repression

of collagen deposition would have enhanced the infiltration by cardiomyocytes. The other

possibility is that existing cardiomyocytes or cardiac progenitor cells in medaka remained
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dormant or that perhaps the activation and proliferation of these cells was limited to a

smaller population than in zebrafish, leading to the domination of fibrotic repair.
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1-3-2. Cardiomyocyte Proliferation in the Medaka Heart
To examine the cardiomyocyte proliferation in the medaka heart after the injury, the
author investigated DNA synthesis in medaka cardiomyocytes by EAU incorporation.

The author examined the proliferation during the period of 1-2 weeks post-amputation,
as this is known to be the period of the peak proliferation of zebrafish cardiomyocytes
following cardiac injury'3. EdU was successfully incorporated into cardiac cells (Fig. 1-
8A), and EdU" cells were found in cardiomyocytes marked by the MF20 antibody,
suggesting that cardiomyocytes were proliferating (Fig. 1-8B). However, there was no
significant detectable difference between the numbers of double-positive cells in the two
strains (Fig. 1-7C, 13 dpa). Taking the small injury size in this study into account, it is
possible that the peak of proliferation was earlier than 1 week post amputation. Therefore,
the author also quantified the proliferation at an earlier time point. However, no
significant increase in cardiomyocyte proliferation could be detected at the end of the first
week after amputation (Fig. 1-8C, 7 dpa).

Since EdU-incorporating cardiomyocytes were seen in uncut hearts, it is possible that
renewal of cardiomyocytes may occur without injury. However, there was no quantitative
difference between the uncut and injured hearts with respect to EdU-incorporating
cardiomyocytes, suggesting that the proliferation of medaka cardiomyocytes/ progenitor
cells remained at the base level or that their time of peak proliferation might be later than

that of the zebrafish.
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1-3-3. Expression Analysis of fIi] after Ventricular Resection
Neovascularization seems to be essential for zebrafish heart regeneration'®®. To examine
vascular dynamics after injury in the medaka heart, the author investigated f/i /-expressing
cells by using a medaka f7i /-GFP transgenic line. F/il is the gene encoding the Ets family
transcription factor Friend leukemia integration 1, a known marker for the vascular
endothelium and endocardium®*°. The author focused on 2 weeks post-amputation, when
a highly vascularized wound is seen during zebrafish heart regeneration'!%,

The endocardial and vascular endothelial cells in the heart of the fli/-GFP transgenic
line showed GFP expression by anti-GFP antibody staining (Fig. 1-9A-D). GFP" cells
were not observed in the 4 and 7 dpa wound area (Fig. 1-9B, C, wo). Furthermore, no
vascular cells were observed in the 14-dpa wound area (Fig. 1-9D).

In heart development, epicardial-mesenchymal transition (EMT) of the epicardium is
important for formation of the coronary vasculature*'*?, Neovascularization after an
injury is also likely to be mediated by epicardium-derived cells through EMT under the
regulation of a growth factor such as FGF or PDGF in zebrafish!®!**_ The results in this
study may imply that the epicardium-derived cells failed to penetrate the wound and to
form new vessel components in medaka. Furthermore, medaka does not have distinct
coronary vessel structures in their heart, unlike zebrafish***. Therefore, the medaka heart
may not have the program to vascularize a heart injury de novo by epicardium-derived

cells or by other cell populations.
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1-3-4. Cloning of medaka periostin gene and its expression/ localization
analysis

To examine the dynamics of ECM molecules after injury in zebrafish and medaka, the
author focused on medaka periostin. At first, the author cloned two types of medaka
periostin cDNAs which were termed periostin-a and periostin-b. The author sequenced
them (Fig. 1-10B) and found that periostin-b was highly conserved between medaka and
zebrafish (Fig. 1-10C).

Next, the author investigated the spatial expression pattern of medaka periostin after
cardiac injury by whole-mount in situ hybridization (Fig. 1-11). In uncut heart, periostin-
a was expressed in epicardium (Fig. 1-11D, arrowheads). After ventricular injury, the
epicardial expression was augmented except for the injury area that the epicardium was
removed by surgery (Fig. 1-11E). At 10 dpa, periostin-a was expressed in the injury area,
suggesting the epicardium recovers and spreads over the surface of the injury (Fig. 1-11F).
This transient decrease and recovery of periostin-a expression was confirmed by semi-
quantitative PCR analysis (Fig. 1-11G).

As for medaka periostin-b, there was no expression in uncut hearts (Fig. 1-11K).
However, periostin-b expression was detected along the amputation plane in the injury at
4 dpa (Fig. 1-11L). The expression was also seen at 10 dpa, and the signal was stronger
than 4 dpa (Fig. 1-11M). These expression patterns after injury were confirmed by semi-
quantitative PCR (Fig. 1-11N).

Because Periostin is a secreted ECM protein, there is a possibility that their localization
is different from the periostin-expressing cells. Therefore, the author produced anti-
medaka Periostin polyclonal antibodies based on amino acid sequences to investigate

Periostin localization in injured hearts. The author also made anti-zebrafish Periostin-a
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antibody for comparison between medaka and zebrafish. As for anti-zebrafish Periostin-
b antibody, the reported one** was used.

Zebrafish Periostin-a localization was observed at atrio-ventricular valves and
ventriculo-bulbal valves in the uncut heart (Fig. 1-12A). Although from 7 to 30 dpa, this
Periostin type was not observed at the injured area (Fig. 1-12B-E), zebrafish Periostin-b
was observed in the epicardium (Fig. 1-12F, arrowhead). In addition, it was detected
within the blastema at 7 dpa (Fig. 1-12G); and furthermore, endocardial localization was
also seen from 14 to 21 dpa (Fig. 1-12H-I, arrowhead). By 30 dpa, zebrafish Periostin-b
localization was limited to the epicardium and not seen within the wound (Fig. 1-12J).

Medaka Periostin-a was detected in the epicardium and valves of the uncut heart (Fig.
1-12K, arrowhead). By ventricular apex resection, epicardial localization of Periostin-a
was removed in the injured area (Fig. 1-12L). However, the epicardial localization
revived gradually (Fig. 1-12M, arrowhead), and covered the wound from 21 to 30 dpa
(Fig. 1-12N-0O, arrowhead).

On the other hand, medaka Periostin-b was localized at the atrium (Fig. 1-12P,
arrowhead) and valves (data not shown) in the uncut heart. After resection, this Periostin
was detected in the border area of the wound (Fig. 1-12Q, arrowhead). Thereafter, the
localization was seen in the wound (Fig. 1-12R-S, arrowhead), and remained within the
wound at 30 dpa (Fig. 1-12T, arrowhead). These localization patterns of Periostin-a and
Periostin-b were consistent with the expression pattern analysis (Fig. 1-11).

The zebrafish Periostin-b and the medaka Periostin-b were localized at the wound site
in which the collagen deposition occurred. The coincidence of localization implies that
zebrafish Periostin-b and medaka Periostin-b may function similarly in fibrillogenesis,

which was previously reported as a function of Periostin®*. Periostin is known to behave
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as a scaffold protein to generate the ECM structure together with fibronectin and tenascin-
C*. If that is the case, the repair of the medaka heart may be prolonged through
fibrillogenesis promoted by this ECM structure, because medaka Periostin-b localization
remained at the wound area in 30 dpa, whereas zebrafish Periostin-b was no longer

localized at the wound area but detected in the epicardium 30 dpa.
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1-3-5. Phenotypes of periostin-b null mutants.

The previous analysis revealed the difference of Periostin-b localization between
zebrafish and medaka injured hearts (Fig. 1-12J, T). This result led the author to examine
the effect of Periostin deficiency on the medaka heart. If the excessive fibrillogenesis by
Periostin-b was suppressed, medaka hearts then could go to the regenerative direction. To
test this hypothesis, the author generated periostin-b null medaka mutant by the TILLING
method. The mutant has nonsense mutation in the first Fas I domain, which interacts with
tenascin-C and integrins. The mutants developed and grew up normally, and there was no
detectable abnormality in hearts. The author examined the reparative phenotype of the
mutant hearts and compared with wild type hearts.

Surprisingly, the scar tissue formation in periostin-b mutant was substantially
diminished compared with wild type (Fig. 1-13). Notably, collagen accumulation was
hardly seen at 14 dpa (Fig. 1-13C) and was detectable but minimal at 60 dpa (Fig. 1-13D).
However, a dent made by ventricular amputation was not restored, indicative of no CM
supplementation to the injured area. These results suggest that suppression of ECM
formation is not enough to induce regeneration in medaka hearts.

A recent study reported that the disturbance of ECM formation negatively affect
zebrafish heart regeneration®, suggesting significance of ECM as scaffold for
regeneration. Therefore, the difference of cardiac regenerative capacity between medaka
and zebrafish may be derived from other factors such as property of cardiomyocyte, rather

than ECM formation.
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1-3-6. Raldh2 Analysis after Ventricular Resection

To examine the dynamics of the medaka endocardium after an injury, the author
investigated the localization of retinoic acid in zebrafish and medaka by immunostaining
with an anti-Raldh2 antibody. Raldh2 is an enzyme responsible for synthesis of the
morphogenetic factor retinoic acid (RA), which is essential for normal cardiac
development and regeneration in the zebrafish heart'!*’. Because the anti-Raldh2
antibody did not work for immunostaining in the medaka heart, the author instead used
the medaka Raldh2-GFP transgenic line.

In zebrafish, Raldh2 protein was observed in the epicardium but not detected in the
endocardium in uncut heart (Fig. 1-14A). The endocardial Raldh2 was detected at 3 hours
post amputation (hpa, Fig. 1-14B), as previously reported'!, and remained detectable at 2
weeks’ post amputation (Fig. 1-14C-D, arrowhead).

In the medaka Raldh2-GFP transgenic line, the epicardium and valves gave green
fluorescence of GFP, which was not seen in the endocardium, in uncut hearts (Fig. 1-
14E). The GFP expression was not observed in the endocardium at 3 hpa (Fig. 1-14F).
Furthermore, from 4 to 14 dpa, although a few fibroblast-like GFP-positive cells were
detected within the myocardial tissues in medaka (Fig. 1-14G-H, arrowheads), there
were no endocardial GFP-positive cells.

The expression pattern obtained from the analysis of the medaka Raldh2-GFP
transgenic line resembled that of the Raldh2 gene in the infarcted mouse heart, which
lacks endocardial expression!!. Therefore, these results may imply that the medaka
endocardium remained in an inactive state. Moreover, given that RA signaling is
reported to be correlated with the proliferation of cardiomyocytes during zebrafish heart

regeneration'!, the dormant state of the endocardium in medaka may implicate the
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inability of cardiomyocyte proliferation because of the absence of RA signaling after

injury.

In contrast to zebrafish heart regeneration, the data of medaka heart together suggest
the possibility that the medaka could hardly regenerate heart tissues or that heart
regeneration could be delayed. Considering the transient cardiac regenerative capacity of

8 medaka may also have a potential for heart regeneration in their early

neonatal mice
life. Therefore, a further study of the injury response in early time points will clarify a

regenerative potential of medaka heart.
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1-4. Figures

. Atrium
Eplcardium Ventricle

Myocardium

Endocardium

(Noman et al., 2001. Cardiac Morphology and Blood
Pressure in the Adult Zebrafish.)

(Poss et al., 2002, Heart regeneration in Zebrafish.)

Fig. 1-1. Fish heart structure and zebrafish heart regeneration.

(A) Fish heart structure and cell components.

(B) Scanning electron microscopy (SEM) image of the saggital section of the adult zebrafish
heart. A. atrium, BA. bulbus arteriosus. pm. pectinate muscle, tr. trabeculae, trf. trabecular
fold. V. ventricle, VAo. ventral aorta.

(C) Heart regeneration in zebrafish. Zebrafish heart scarlessly regenerates after ventricular

apex resection.
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(Jopling et al.. 2010. Zebrafish heart regeneration occurs by cardiomyocyte dedifferentiation and proliferation.)

Fig. 1-2. Contribution of existing cardiomyocytes to zebrafish heart regeneration.

(A) GFP-labeled pre-existing cardiomyocytes occupied regenerated tissue after amputation.

cmlc2: cardiomyocyte marker.

(B) Proliferation of GFP-labeled cardiomyocytes after 14 days post amputation.
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(Lepilina et al.. 2006. A Dynamic Epicardial Injury Response Supports Progenitor Cell Activity during
Zebrafish Heart Regeneration.)

Fig. 1-3. Neovascularization during zebrafish heart regeneration.
Vascular capillaries invade into injured area and contribute to regeneration.

cmlc2 : cardiomyocyte marker, fIi]: vascular endothelial cell marker
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Essential for Zebrafish Heart Regeneration.)

Fig. 1-4. Retinoic acid signaling is essential for zebrafish heart regeneration.
(A) Raldh2 1s expressed during zebrafish heart regeneration.
(B) Disturbance of retinoic acid signaling decreases cardiomyocyte proliferation during

regeneration.
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Fig. 1-5. Comparative analysis of the repair process in zebrafish and medaka hearts after ventricular resection.

A-L: Cryosections of fish hearts stained with AFOG (fibrin. orange: collagen. blue). A—E: Uncut (A) and injured Ekkwill
zebrafish hearts (B-E). Fibrin tissues were observed at both 7 (B) and 14 dpa (C), but were absorbed by 30 dpa (D). Collagen
was seen from 7 dpa (B) and then was mostly absorbed by 60 dpa (E). F-M: Uncut (F) and injured (G-M) Cab medaka hearts. A
blood clot was seen at 1 dpa (G) and was replaced by fibrin by 4 dpa (H). The fibrin was absorbed by 30 dpa (L). Collagen began
to accumulate from 7 dpa (I). and this accumulation increased thereafter (J. L. and M). Dense collagenous tissue covered the
wound area by 60 dpa (M). Black arrowheads indicate collagen tissues. K: Immunohistochemistry with anti- a-smooth muscle
actin antibodies at 4 dpa. White arrowheads indicate putative myofibroblasts. N: Quantification of collagen-positive area ratio
indicates scar formation at 30 and 60 dpa. Student” s t-test, *p<0.05. N.S., not significant. Numbers in parentheses indicate the
sample number. O: Immunohistochemistry of MF20 for medaka cardiomyocytes and with anti-collagen I antibodies in the
injured area at 30 dpa. The dashed line indicates the approximate injury border. be, blood clot; myo. myocardium; wo., wound

area. Scale bars = 100 pum.
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Fig. 1-6. Scar tissue remains in medaka heart at 90 days post injury.
Wholemount view of uncut ventricle (A) and ventricle at 90 days post injury (B).
(C) AFOG staining image of medaka heart at 90 days post injury.

At. atrium, V. ventricle. Black dashed line indicates amputation line.
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South Japan

® Large tail fin

® Cautious, but
unperturbed
bypeople once
they become used
to them

North Japan

® Small, round mouth

B The eyes are
lozated high on the
head

® Unesxcitable, but
uncomfortable in "
contact with people

Photograph:
Dr. Atsuko Shimadd

(Takeda, Biohistory Jyournal, Autumn, 2004.)

I Cab

Kaga

Fig. 1-7. Heart reperative phenotype in nothern medaka strain, Kaga.
(A) Two distinct japanese medaka populations. Cab belongs to southern population

and Kaga belongs to nothern population.

(B) Comparison of cardiac reparative phenotypes between Cab and Kaga strains by

AFOG staming. Arrowheads indicate collagen scar.
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Fig. 1-8. Cardiomyocyte proliferation after ventricular resection.

(A) Fluorescent images of EdU/ MF20 double-stained hearts. EdU-incorporating
uncut and resected (13 dpa) hearts are shown (EdU incorporated from 7 to 13 dpa).
(B) Representative EAU/ MF20 double-positive cardiomyocyte (arrowhead) in the
uncut heart.

(C) Quantification of EAU/MF20 double-positive cells in the ventricle. The count
was normalized by the ventricular area. Numbers in parentheses indicate the sample
number. Student” s t-test. N.S., not significant. The dashed line indicates the

approximate mjury border. myo. myocardium: wo, wound area. Scale bars=100 yum.
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Fig. 1-9. GFP expression patterns of the medaka fli1-GFP transgenic line after ventricular resection.
A-D: Fluorescent images of hearts of the flil- GFP transgenic line: uncut heart (A) and resected
hearts at 4 dpa (B). 7 dpa (C), and 14 dpa (D). Infiltration of the wound site by GFP-positive cells
was not observed by 14 dpa (D). The dashed line indicates the approximate mjury border. myo,

myocardium; wo, wound area. PI, propidium 1odide.

34



mpostn-a
mpostn-b

mpostn-a
mpostn-b

mpostn-a 141
mpostn-b 139

mpostn-a 211 [FIMENG
mpostn~b 209 LESNGNG

SFAT
TLSD!
mpostn-a 281
mpostn~-b 279

mpostn-a
mpostn-a 421 S
mpostn-b 419 '_ VILENHEYH

mpostn-a 491
mpostn~b 489

mpostn-a 561
mpostn~-b 559

mpostn-a 631 PG IASSKKIK PSQTELI 700
mpostn~-b 629 LTFMETT KPRLF 698

mpostn-a 701 TRYVEKE VIDRQPINKVTRVISGTGAGREVSEGLTVTIGETNGTLAFEPQIIEGPDVSKILSI 770
mpostn-b 699 EEPWF 719
mpostn-a 771 { 800
mpostn-b 719 719

C

Zpostn-a | Z postn-b
M postn-a 60 59

M postn-b 66 73

(%)

Fig. 1-10. Structure, sequence, and homology of medaka periostin.

(A) The protein structure of periostin.

= Signal

sequence

B EMI domain

I Repeated

Fas1 domain

- C-terminal
region

(B) The conserved amino acid sequences are emphasized by rectangles. The different domains are

highlighted by each color code, consistent with the colors in “A™ (green, signal sequence: blue, EMI

domain; red and yellow; tandemly repeated Fas1 domains; gray, C-terminal region). mpostn, medaka

periostin.

(C) Amino acid conservation (%) for each fish periostin protein (M, medaka: Z. zebrafish).
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Fig. 1-11. Expression pattern of medaka periostins after ventricular mjury.

A-F: In situ hybridization analysis of periostin-a in uncut (A, D), 4 day (B.E) and day 10 (C.,F) hearts.
(G) A semi-quantitative PCR analysis of periostin-a .

H-M: In situ hybridization analysis of periostin-b in uncut (H, K), 4 day (I, L) and day 10 (J, M) hearts.
(N) A semi-quantitative PCR analysis of periostin-b.

Arrowheads indicate periostin expression. Black dashed line indicates amputation line.

V. ventricle.
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Fig. 1-12. Periostin localization patterns in zebrafish and medaka injured hearts.

A-J: Zebratish hearts immunostained with anti-zebrafish periostin antibodies.

K-T: Medaka hearts immunostained with anti-medaka periostin antibodies.

A-E: Zebrafish periostin-a localization patterns. Periostin-a was localized at atrio-ventricular (av) valves
and ventriculo-bulbal (vb) valves in the uncut heart (A). No localization was observed in the wound
after resection (B-E). F-J: Zebrafish periostin-b localization patterns. Periostin-b was localized in the
epicardium and valves (data not shown) mn the uncut heart (F). The localization was observed at the
wound site at 7 dpa (G), 14 dpa (H), and 21 dpa (I). Endocardial localization was detected at 14 dpa (H,
arrowhead) and 21 dpa (I, arrowhead). The localization was restricted to the epicardium by 30 dpa (7,
arrowhead). K—O:. Medaka periostin-a localization patterns. Periostin-a localization was observed in the
epicardium and valves in the uncut heart (K). The localization was observed in the epicardium during
repair (L-0), and its expression seemed to cover the wound. The signal was also observed in the
endocardium occasionally (N, white arrow). P-T: Medaka periostin-b localization patterns. Periostin-b
was localized i the atrium (P) and valves (data not shown). The localization was observed at the wound
and the mnjury border from 7 dpa to 30 dpa (Q-T) Z postn, zebrafish periostin; M postn, medaka
pertostin. Arrowheads indicate periostin localization. The dashed line indicates the approximate injury
border. at, atrium; av, atrio-ventricular valves; ba, bulbus arteriosus: epi, epicardium; myo, myocardium;

v, ventricle: vb. ventriculo-bulbal valves: wo, wound area. Scale bars = 100 um.
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Fig. 1-13. Reparative phenotype i periostin-b mutant heart after injury.
AFOG staining mmages of wild type (A, B) and periostin-b mutant (C, D).

Arrowheads indicate collagen scar.
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Fig. 1-14. Raldh2 analysis after ventricular resection.

A-D: Fluorescent images of immunostaining for raldh2 in the zebrafish heart (black-white images in the
upper row). Raldh2 localization was observed in the epicardium of the uncurt heart (A). At 3 hpa (hours
post-amputation), endocardial localization of raldh2 was observed (B). Endocardial localization was
strengthened and retained at 4 dpa (C) and 14 dpa (D). Raldh2 localization was also observed at the
wound site at 4 dpa (C) and 14 dpa (D).

E—H: Fluorescent images of heart of the medaka raldh2-GFP transgenic line (black-white images in the
upper row). Raldh2 expression was observed in the epicardium of the uncut heart (E). At 3 hpa, only
epicardial expres- sion was observed (F). Raldh2-GFP positive fibroblast-like cells were observed in the
wound and myocardial area at 4 dpa (G) and 14 dpa (H). whereas no endocardial raldh2 expression was
observed. Arrowheads indicate the raldh2 expression or localization. The dashed line indicates the
approximate injury border. at, atrium; av, atrio-ventricular valves: ba. bulbus arteriosus: epi, epicardium;

myo. myocardium; v, ventricle: vb, ventriculo-bulbal valves: wo. wound area. Scale bars =100 pm.
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Chapter 2 Proliferation/ hypertrophy transition of

neonatal cardiomyocytes and retinoic acid

2-1. Introduction
The heart is an essential organ that works throughout life of animals. The cardiac
development is carried out through a series of complicated and delicate processes. An
early cardiac development has been drawing many researchers’ attention because cardiac
abnormalities in embryonic stages lead to death in many cases. On the other hand,
however, postnatal cardiac development, especially at the neonatal development stage
have not been fully explored. Hearts experience drastic change of circumstances just after
birth such as an exposure to abundant oxygen. An oxidative stress induces DNA damage
in CM, leading to cell cycle arrest for genome protection*>’. While CMs stop
proliferation, hearts have to manage elevation of the blood pressure associated with body
growth. To meet this demand, postnatal hearts are known to increase their capacity for
pressure by hypertrophy of individual CMs (Fig. 2-1). This growth-associated
hypertrophy is called physiological hypertrophy to discriminate from pathological
hypertrophy used in disease context. A mechanism which regulates these neonatal
proliferation/ hypertrophy transition is unknown.

As mentioned in general introduction, RA is implicated in hypertrophy and
proliferation of CM, and the role of RA in the neonatal proliferation/ hypertrophy
transition has not been investigated. Therefore, the author explored the relationships

between RA and neonatal maturation in mice in this study.
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2-2. Materials and Methods

Mouse

The Jcl:ICR mouse line was used in all experiments in this chapter. Experiments were
conducted according to protocols approved by the Institutional Animal Care and Use

committee of IMCB, the University of Tokyo.

RNA isolation, cDNA synthesis and Quantitative PCR
Sacrificed hearts were homogenized by Biomasher II (Nippi) with Sepasol (Nacalai
Tesque). Total RNA was extracted by phenol- chloroform method, and purified by
NucleoSpin RNA (Takara). Then cDNA was synthesized with 1 ug RNA template by
using ReverTra Ace qPCR RT Master Mix (TOYOBO).
Quantitative PCR was performed with Thermal Cycler Dice Real Time System II
(Takara). Primer pairs used in qPCR were as follows:
Raldhl: F-ATACTTGTCGGATTTAGGAGGC
R-GGGCCTATCTTCCAAATGAACA
Raldh2: F-CAGAGAGTGGGAGACTGTTCC
R-CACACAGAACCAAGAGAGAAGG
Raldh3: F-GGGTCACACTGGAGCTAGGA
R-CTGGCCTCTTCTTGGCGAA
RARa: F-ATGTACGAGAGTGTGGAAGTCG
R-ACAGGCCCGGTTCTGGTTA
RARp: F-CTGCTCAATCCATCGAGACAC
R-CTTGTCCTGGCAAACGAAGC

RARy. F-GGAGCAGGCTTCCCATTCG
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R-CATGGCTTATAGACCCGAGGA

Cyp26al: F-AAGCTCTGGGACCTGTACTGT

R-CTCCGCTGAAGCACCATCT
Cyp26b1: F-TCATCGGAGAGACTGGTCACT

R-GGTGCTCACTAGCTGGTGTTC
Nppa: F-TGACAGGATTGGAGCCCAGAG

R-AGCTGCGTGACACACCACA

Nppb: F-AGTCCTTCGGTCTCAAGGCA

R-CCGATCCGGTCTATCTTGTGC

Histology

Immunohistochemistry was performed on hearts fixed in 4% PFA (2x overnight 4°C) and
washed in PBS. Hearts were embedded into frozen block and sliced at 5 um thickness.
Frozen sections were blocked (PBS, 5% Blocking One Reagent (Nakalai Tesque)) for 30
minutes followed by incubation (in block) with primary antibody at 4°C overnight. Slides
were then washed in PBS three times for 10 minutes each. Sections were incubated 2
hours with secondary antibody in block followed by washing (3x 10 min) in PBS and
then mounted with Prolong Gold Antifade Reagent (Thermo Fisher Scientific).

Primary antibodies (Ab) used were as follows: Anti-MEF2 Ab (Santacruz) at 1:50,
Anti-Raldh2 Ab (Sigma) at 1:500, Anti-Raldhl Ab (Millipore) at 1:400, Anti-Raldh3
(GENETEX) at 1:400, Anti-TroponinT Ab (Thermo fisher scientific) at 1:200, Anti-GFP
Ab (MBL) at 1:500, Anti-CD31 Ab (Abcam) at 1:50, Anti-Vimentin (Novus Biologicals)
at 1:500.

Secondary antibodies used were AlexaFluor 488/594 (Thermo Fisher Scientific) at
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1:1000. DAPI was mixed in secondary antibody solution at 1:1000.
HE staining and Masson’s Trichrome staining were carried out as described
previously>!.

EdU staining in frozen section was carried out according to manufacturer’s instruction.

ALDEFLUOR assay

Sacrificed hearts were torn into small pieces by using forceps, in HBSS solution. Then
pieces were enzymatically dissociated by Pierce Primary Cardiomyocyte Isolation Kit
(Themo Fisher Scientific). The dissociation protocol follows manufacturer’s instruction.
Dissociated cells were incubated 30 minutes with ALDEFLUOR reagent at 37 °C.
Negative control was prepared with DEAB (Raldh inhibitor)-added ALDEFLUOR
solution. Incubated cells were then analyzed and sorted by FACS Aria-II (BD
Biosciences). For immunocytochemistry, sorted cells were mounted to slides by using

Cytospin4 cytocentrifugator (Thermo Fisher Scientific).

All-trans RA/ DEAB treatment and EdU incorporation
In RA treatment, 0.3 ug/g of All-trans RA (Sigma aldrich) in corn oil was injected into
P2 neonatal abdominal cavity. The injection was carried out daily until sacrifice at P8. As
a negative control, DMSO in corn oil was injected into control mice. At P§, 0.2 mg/ g of
EdU in saline was also injected intraperitoneally and incubated 30 minutes before
sacrifice.

In DEAB treatment, 0.1 mg/ g of diethylaminobenzaldehyde (DEAB, Sigma aldrich)
in corn oil was injected intraperitoneally into neonates. All the other procedures were

carried out as same as RA treatment.
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2-3. Results

2-3-1. CM proliferation and hypertrophy after birth.

At first, the author has tried to reproduce previous results reported so far. Many studies
have reported that drastic cell cycle arrest occurs in CM at neonatal stages*->’. To confirm
the decrease of CM proliferation, the author conducted EAU incorporation into neonatal
mice and examined ratio of proliferating CMs in ventricle by counting EdAU"MEF2" cells/
total MEF2" cells (Fig. 2-2A). MEF2 (Myocyte Enhancer Factor 2) is a myocyte-specific
transcription factor which marks CM nuclei in heart. As the results previously reported,
the ratio of proliferating CMs was rapidly decreased until 2 weeks after birth. At postnatal
day 14 (P14), EdU'/ MEF2" mesenchymal cells were also few, while they were actively
proliferating at postnatal day 1.

As mentioned above, initiation and progression of physiological CM hypertrophy
instead of CM proliferation is a well-known event during postnatal cardiac maturation®2,
The author confirmed postnatal expression of hypertrophy markers, Nppa and Nppb, the
hormones secreted in response to cardiac stresses (Fig.2-2B). Both markers were
gradually upregulated from birth to adult stage, implicating increase in cardiac stresses
accompanying CM hypertrophy.

The CM proliferation was almost terminated at P14, indicating that the transition ends
until P14. Therefore, the author focused on first 2 weeks after birth in subsequent

experiments.
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2-3-2. Transient upregulation of Raldh2 in neonatal hearts.

To explore the relationship between RA and neonatal cardiac maturation, the author
examined neonatal expression of three retinaldehyde dehydrogenases (Raldhs) Raldhl,
Raldh2 and Raldh3 that efficiently oxidize retinaldehyde into RA%*>°. Of three genes,
Raldh?2 was transiently upregulated at higher levels than the other (Fig. 2-3A). Raldh?2
expression peaked at P7 and was diminished thereafter. Raldhl expression was also
increased after birth and the peak was P21, but Raldh3 expression was kept at low levels
throughout the period. These results suggest the significance of Raldh? during the
proliferation/ hypertrophy transition of CM that occurs 2 weeks after birth.

To ensure the results of the expression analysis, the author investigated localization of
each enzyme in neonatal hearts (Fig.2-3B). Immunohistochemical analysis revealed that
Raldh2 localizes at the epicardium and many interstitial cells adjacent to CMs. In contrast,
Raldhl localization was restricted to the epicardium. As for Raldh3, the localization could
not be detected. Furthermore, the interstitial Raldh2 localization disappeared by 2 weeks
after birth (Fig. 2-3C), and the localization was not detected in adult hearts (Fig. 2-3D).

From these results, interstitial Raldh2" cells seem to work transiently during neonatal

stages.
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2-3-3. Transient increase of RA synthetic cells in neonatal hearts

As the expression and localization of Raldh enzymes are indirect evidence of RA
synthesis, the author examined Raldh enzymatic activity in neonatal hearts by
ALDEFLUOR assay. ALDEFLUOR substrate is metabolized by active Raldh enzymes
and the metabolized products exhibit fluorescence (Fig. 2-4A). The fluorescence in
individual cells can be detected by using FACS. In neonatal stages, the ratio of Raldh-
active cells was kept at high levels, and peaked at P7 and decreased thereafter, which is
consistent with Raldh expression analysis (Fig.2-4B). These results indicate that the
enzymatic activity in hearts was elevated in association with the upregulation of Raldh

genes.

2-3-4. Expression analysis of RA-relative genes.
To further support RA production in neonatal hearts, the author investigated the
expression pattern of nuclear RA receptor RARs (RARc, RARSB, RAR»)®7 (Fig. 2-5A)
and RA metabolizing enzyme Cyp26s (Cyp26al, Cyp26b1)%°® (Fig. 2-5B). As a result,
RARa and RAR mRNA were increased during neonatal stages and they peaked at P7.
RARy mRNA was slightly increased after birth, but there was no notable change until the
adult stage. Cyp26al mRNA was increased in neonatal hearts but the peak was P4, earlier
than the peak of Raldhs or RARs, which implies a quick response to RA increase.

These results suggest the neonatal activation of the RA signaling pathways in RA-

responsive cells.
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2-3-5. Cell type analysis of Raldh2" cells.

If the activation of the RA-response pathway was not induced by RA in blood stream, the
cardiac interstitial Raldh2" cells can be considered a main resource of RA in neonatal
heart. However, as the properties of Raldh2" cells is unknown, the author examined
whether Raldh2” cells are cardiac muscle or not by using the transgenic mouse line
expressing GFP by the Myh6 promoter. Myh6 encodes myosin heavy chain 6 and has been
used as a CM marker*”. Co-immunohistochemistry of Raldh2 with GFP (Fig. 2-6A)
revealed that Raldh2 and GFP were not merged. Moreover, Raldh2 was not merged with
another CM marker, TroponinT (Fig. 2-6B). Next, the author tried to co-immunostaining
with CD31, a marker for endocardial epithelial cells but was not co-localized with Raldh2
(Fig. 2-6C).

Finally Raldh2 was found to co-localize with Vimentin, a fibroblast marker (Fig.2-6D).
Co-immunostaining against isolated cardiac fibroblasts revealed that all fibroblasts were
Raldh2* (Fig. 2-6E). Furthermore, ALDEFLUOR" cells sorted by FACS were all
Vimentin® (Fig. 2-6F). These results based on Raldh2 expression indicate that Raldh2"

cells are fibroblastic and neonatal cardiac fibroblasts are a homogenous population.

48



2-3-6. In vivo effects of all-trans RA in neonatal mice.
To examine the function of RA in neonatal hearts, the author investigated cardiac
phenotype under RA-excessive condition by intraperitoneal injection of all-trans RA (Fig.
2-7A). As a result, the body and heart under the RA-excessive condition grew well
compared with DMSO-injected control mice (Fig. 2-7B). HW/ BW of RA-injected mice
was also elevated (Fig. 2-7C). In these hearts, RARs were upregulated (Fig. 2-7D), which
1s indicative of excessive activation of RA signaling in RA-injected mice. Of three RARs,
RARS MRNA was significantly increased in response to exogenous RA, which was
consistent with the results of expression analysis in normal neonatal hearts (Fig. 2-5A).
The author then examined whether these cardiac phenotypes were induced by CM
proliferation or CM hypertrophy. In RA-excessive mice, the ratio of proliferating CM was
significantly increased (Fig. 2-7E). On the other hand, Nppa and Nppb mRNA
expressions were attenuated in RA-excessive mice, indicative of a decrease of cardiac
stresses and accompanying CM hypertrophy. These results suggest that the cardiac
overgrowth phenotype was induced by an increase of CM number as a consequence of

CM proliferation rather than CM hypertrophy.
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2-3-7. In vivo effects of RA synthetic inhibitor (DEAB) in neonatal mice.

Next, the author examined cardiac phenotypes under the RA-deficient condition by
injection of diethylaminobenzaldehyde (DEAB) (Fig. 2-8A). DEAB is a commonly used
Raldh inhibitor®* 2. Contrary to expectations, the DEAB-injected mice showed the same
phenotypes as RA-injected mice; body and heart grew well compared with DMSO-
injected control mice (Fig. 2-8B). In DEAB-treated mice, CM proliferation was enhanced
(Fig. 2-8C). Surprisingly, mRNA of R4ARs were increased by DEAB treatment (Fig. 2-
8D), suggestive of the activation of RA signaling. These results suggest that the inhibition
of RA synthesis by DEAB might be compensated by unknown mechanisms and thereby
RA signaling was activated even greater than control. If the compensation occurred, these

phenotypes support the results of RA-excessive condition.
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2-4. Discussion

The neonatal stage is a period that individual cells change their characteristic to deal with
new circumstances. Such individual changes induce organ-scale alteration and contribute
to completion of organogenesis. The cardiac maturation after birth is one of such
alteration processes. The author for the first time revealed the relationships between the
neonatal cardiac maturation and RA. The expression of RA synthesizing enzyme was
transiently upregulated after birth, followed by the expression of the RA-responsive genes.
The RA-excessive condition prolonged time window of CM proliferation and induced
downregulation of Nppa and Nppb, the indicator for cardiac stresses. Therefore, one can
speculate that RA functions to attenuate cardiac stress at neonatal stages. However, it
remains unknown how RA attenuates cardiac stresses. One possibility is that the CM
proliferation accelerated by RA contributes to the attenuation because an increase of CM
number results in a decrease of pressure load for each CM. Another possibility is that RA
directly suppresses the expression of Nppa and Nppb.

The increase of CM number in neonatal stages may also have a merit for the adult heart.
As mentioned above, the arrest of CM cell cycle is an irreversible process, causing cardiac
dysfunction in adult pathological conditions. If the heart has the excessive number of CM,
the pressure load taken by each CM will become lower levels than in the normal heart,
which means that the heart has a high capacity for pathological pressure load. Although
the relationship between the neonatal RA level and adult diseased heart is still unknown
in this study, further studies with a long-term analysis will clarify that.

The DEAB treatment induced the same phenotype as RA treatment. If a compensation
mechanism exists, it implies robustness of RA regulation in vivo. Although DEAB is a

well-known Raldh inhibitor in vitro, there is few papers using DEAB in mice in vivo,
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which may reflect difficulty of DEAB as an in vivo inhibitor. To eliminate RA synthesis
in vivo, genetic approach such as conditional and multiple knockout of Raldhs should be
adopted in future.

A mechanism by which RA stimulates CM proliferation is also unknown. Although
many studies reported the effects of RA on CM in vitro, there is no evidence that RA
directly stimulates CM proliferation. Therefore, one can speculate that indirect
mechanisms underlie the accelerated CM proliferation by RA injection. If the endogenous
RA synthesized in cardiac fibroblasts works in the same manner as exogenous RA, the
fibroblasts could be targets of RA to promote CM proliferation via secreting humoral
factor such as growth factors or secreting ECM proteins helpful for CM proliferation, and
signal transfer to CM via cell membrane. These are possible because similar functions are
reported in some papers’ 10636,

In conclusion, this study revealed a new role of RA in cardiac maturation and suggested

arole of cardiac fibroblasts for stimulating CM proliferation.
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2-5. Figures

Neonate Adult

Growth
Body size T 1

Heart size 1T 1

cell cycle arrest

4

neonatal stage

CM proliferation
2 weeks

after birth

CM hypertrophy

Birth

Fig. 2-1. Prolifertion/ hypertrophy transition of neonatal cardiomyocytes (CM).
Neonatal CMs undergo cell cycle arrest and alternatively heart grows up through CM

hypertrophy to meet demands from increasing pressure load associated with body growth.
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(A) Quantification of CM proliferation after birth. n = 4 per group.

(B) Quantitave real ime PCR analysis of Nppa and Nppb genes. n = 4 per group.
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Fig. 2-3. Comparative analysis of Raldh family.

(A) Time series analysis by Quantitative real time PCR of Raldhl, Raldh2 and Raldh3.
n =4 per group.

(B) Immunohistochemistry against Raldh enzymes in P2 heart.

(C) Comparison of Raldh2 localization between P2 and P15 heart.
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Fig. 2-3. Comparative analysis of Raldh family.
(D) Raldh2 localization in 9 month old heart. Brackets in left figure were magnified in right

according to assigned number. Arrowheads indicate Raldh2 localization.
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Fig. 2-4. Quantification of cells with RA synthetic activity.

(A) ALDEFLUOR assay. ALDEFLUOR substrates are metabolized by ALDH (Raldhs) and emit
fluorescence.

(B) FACS analysis of ALDEFLUOR " cells. Representative results of FACS analysis 1s shown i left
figures. Negative control is prepared by adding DEAB, an inhibitor of Raldhs. Right figure indicates
time series analysis of ALDEFLUOR " cells. n = 4 per group.
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P8
—4 days culture

Fig. 2-6. Cell type analysis of Raldh2” cell.
Co-immunohistochemistry against Raldh2 and GFP
(A), TroponinT (B), CD31 (C) and Vimentin (D) in
P3 heart. Co-immunocytochemistry against Raldh2
and Vimentin in isolated fibroblasts (E) and in
ALDEFLUOR cells (F). Arrowheads indicate
Raldh2 localization. Arrow in (C) indicates CD31

localization.

59



A (RA 0.3mg/ kg-day)
PIO P|2 P|8
I L J
RA d(a;lg;;jse)ction T

P EdU
N o SACHfIce
il & IPinjection
¥ p<0.05
C :
]
7
=
o,
; 4
R 3
2
1
o
DMSO RA
RARa
D 0.0016 N.S.
_— 0.006
0.0014
00012 e
0.001 0.00%
0.0008

1=
2
=]
-]

0.0006

o
=S
=

0.0004

13
o
2

0.0002

Relative expression to GAPDH
Relative expression to GAPDH

©

XL Nppa X

F 3 PP Fa)
a P=0.14 Qs “o0
< <<
O O oo
(=} O
- -~
c c
o £=)
0 o 0 001
7] 7]
[} [
| =4 01 - 2
a a oo
X X
v O -
[ [
= =
® ®
© le) - s
7] < X [7]
14 > 4 S

RARS
P<0.05

Nppb

P=0.18

P8 hearts

Masson’s Trichrome Staining

- RAR Yy
0O 0.00025
a
& N.S.
o 000
—
c
O 0.00015
(5]
%]
9]
v
& 0.0001
X
)
g 0.00005 4
B
o
o 0
S
Q
P<0.05
45 4
4
[}
= . 35
3 2.
@
N =
uu-J 8 25
= K=
N ]
4 L 15
2 W
S s !
w <
o
L &
Q@

Fig. 2-7. Effects of excessive RA in neonatal heart.
(A) Scheme of RA injection into neonatal mice.
(B) Accelerated heart growth by RA injection.

(C) Increased HW/ BW in RA-treated mice.

(D) Upregulation of RA receptor gene expression.
(E) Increased CM proliferation in RA-treated mice.
(F) Downregulation of Npp gene expression.

N.S.. Not Significant. Arrowheads indicate

EdU MEF2 cells.
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Fig. 2-8. Effects of DEAB in neonatal heart.

(A) Scheme of DEAB injection into neonatal mice.
(B) Accelerated heart growth by DEAB injection.
(C) Increased HW/ BW in DEAB-treated mice.

(D) Upregulation of RA receptor gene expression.
(E) Increased CM proliferation in RA-treated mice.

N.S.. Not Significant. Arrowheads indicate EQU MEF2 cells.
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Chapter 3 General conclusion

In this study, the author attempted to elucidate functions of retinoic acid in late stage of
cardiac development and adult heart regeneration. Based on the results, this study
suggests that RA functions not only in early developmental stages but also in heart
regeneration and maturation, mainly through stimulating CM proliferation. The study also
revealed significant contribution of RA-producing non-CM cells in key events of cardiac
development.

The author also found difference in regenerative capacity between fish species for the
first time. To investigate differences between regenerative/ non-regenerative fish in detail
will help us to understand mechanism of heart regeneration.

These studies will contribute to understand mechanisms underlying later stages of

cardiac development and cardiac diseases.
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