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ABSTRACT

Present findings have shown that toad tadpoles provide a potential model system to study heart
regeneration. The study was completed in two phases: in first phase, a tip of the ventricle (20%) was
accessed in vivo and in the second phase, a meshed extract of ventricular tissue of young tadpole was
implanted into a pit made on the mid lateral position of host tadpole’s tail. Half of the operated tadpoles
were treated with vitamin A for first three days and then reared in water. Remaining half of the operated
tadpoles were reared in tap water and treated as control. Vitamin A was found to be a good model for
accelerating the percentage of heart regeneration in both modes of experiment- in vivo as well as in
transplantation set up. Meshed ventricular tissue explants showed good regenerative ability and rhythmic
beating at ectopic site in vitamin A treated host tadpoles.
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INTRODUCTION

Amphibians are well known for their good regenerative power. Although among amphibians, urodeles
have more capacity for epimorphic regeneration. However, anuran toad tadpoles too, show such type of
regeneration ability. The high regenerative ability of amphibians provides a valuable model system to
gain basic information on regeneration that may be transferable to human trauma and diseases that cause
damage to such structures as the limbs and cardiovascular systems. Because of high incidence of heart
disease that results in permanent damage to the cardiac tissue, there is currently considerable interest in
the search for methods to repair damaged heart tissue.

Mauro (1979) reported that heart muscles has no reserve satellite cells and terminally differentiated
cardiomyocytes give response to stress by cell enlargement (hypertrophy) rather than cell proliferation
(hyperplasia) and therefore, unable to regenerate damaged muscles. However, several workers reported
that in contrast to developing skeletal muscle, differentiating embryonic and neonatal cardiomyocytes can
proliferate (Nag and Cheng 1981; Rumyantser, 1981; Quaini et al.,, 1994 and Rakusan 1984).
Cardiomyocytes have the history of simultaneous differentiation and proliferation. It is supposed that
cardiomyocytes may have an intrinsic potential for re-interring the cell cycle in order to repair a damaged
heart. Amphibians, because of their lower metabolic rates (depending on temperature), their less complex
heart structure, their tolerance for experimental manipulations, such as minicing the myocardium and
their efficient heart injury repair, provide a valuable model system to study heart regeneration in vivo.
Besides amphibians, Zebra fish was found good model for cardiac self repair (Poss et al., 2002 and Raya
et al., 2003). It was reported that in Zebra fish there is creation of a primitive blastema at the margin of
injury comprising undifferentiated progenitor cells (Lapilina et al., 2006). In recent studies however,
lineage tracing by drug induced Cre/lox fate-mapping indicates instead that cardiac regeneration in
Zebrafish occurs via pre-existing adult cardiomyocytes through reactivation of the cell cycle (Jopling et
al., 2010 and Kikuchi et al., 2010). Any factor which may stimulate cardiomyocyte division by a
mechanism involving dedifferentiation will be beneficial for repairing or regeneration. Poss (2007) and
Lapilina et al., (2006) reported beneficial effect of FGF on heart regeneration. They observed inhibiting
the FGF receptor blocks cardiac regeneration. Other signals and chemicals like retinoic acid and ascorbic
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acid may co-operate with FGF to induce myocardial proliferation during regeneration (Poss 2007). The
present communication reports that vitamin A accelerates the percentage of heart regeneration in vivo and
also improves regenerative ability of meshed ventricular explants at ectopic site (tail) in host tadpoles.

MATERIALS AND METHODS

All experiments were conducted with young (3 toe stage) and mature (5 toe stage) tadpoles of the toad,
Bufo melanostictus. Tadpoles were raised from eggs collected from local ponds. Tadpoles were fed on
half boiled spinach leaves and maintained in aquaria in the laboratory at room temperature 35°-37°C.
Animals were housed properly and experiments performed in accordance with bioethilcal regulation for
the use laboratory animals. Tadpoles were anesthetized with 1:4000 MS222 solutions for 3-5 minutes
before operation and fixation.

The experiments were designed into two, series | and Il. Series | was concerned with the study of heart
regeneration in situ (in vivo study). While series 11 was concerned with the study of fate of meshed
cardiac tissue explant in the tail of host tadpoles. In both cases, control group tadpoles were reared in tap
water and for experimental group; tadpoles were exposed to 151U/ml vitamin A solution for first 3 days
after operation and then transferred to tap water up to the termination of experiment (Day 20).

Heart Amputation

Anesthetized tadpoles were secured ventral side up in a slotted moist cotton pad. Watch maker forceps
were used to penetrate the skin, muscles and pericardial sac. Once exposed, the ventricle was gently
pulled up at the apex and cut with irridectomy scissors (Fig.1). After surgery, tadpoles were immediately
returned to either tap water (for control group) or 15 IU/ml vitamin A solution (for treated group).

®

Figure 1: Photograph showing level of Figure 2: Photograph of amputated heart of
amputation (surgical removal of the tip of vitamin A treated group (5 days old) young
ventricle- in situ) through the ventricle region of tadpoles. Figure shows proper healing of
the toad tadpoles. (20 X) injured heart on day 5. (20 X)

Preparation of Explants

Meshed ventricular parts of heart of young (3 toe stage) tadpoles were used as explants. For this purpose
ventricular parts of heart were taken out from 5 donor young tadpoles, pooled them in 2 ml saline solution
and meshed or subjected to homogenization and there after tissue were used as explants.
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Preparation of Recipients

Young (3 toe stage) and mature (5 toe stage) tadpoles were treated as recipients or host animals. The
animals were anesthetized (1:4000 MS222 solution Ethyl-m-amino benzoate methane sulfonate) before
operation. Semi circular slanting 1mm deep pit was made by a sharp sterile needle at mid lateral position
(towards the trunk) of the tail.

Implantation

About a pin head size meshed cardiac tissue was implanted into the pit on recipient tadpole’s tail (Fig. 9).
After insertion of the explants, skin flap was covered over it. Operated animals with implants were kept
immovable for half an hour by keeping them half submerged in MS222 solution.

Operated tadpoles of both series were fixed in Bouin’s solution for 24 hours, on day 5, 10 and 20 for
histological evaluation. Experiments were terminated on day 20 after operation.

RESULTS

The results obtained in the present study (Table 1) clearly demonstrate the ability of toad tadpoles to
regenerate cardiac tissue after injury. However, percentage of regeneration declined with the age of
animal, it was 42% in 3 toe stage young tadpoles of untreated control group SI-C1 while 38% in 5 toe
stage mature tadpoles of group SI-C2. The similar declining pattern of regeneration was reported in Sll
untreated animals: it was 25 % in young tadpole (S11-C3) and 18% in mature tadpoles (SI1-C4). Vitamin
A was found to enhance the percentage of heart regeneration in situ as well as at ectopic site (on mid
lateral position of host tail); it was 68% in young (SI-T1) and 65% in mature tadpoles (SI-T2). Likewise it
was 52% in SII-T3 and 48% in SII-T4 tadpoles of transplantation setup mode. Thus in both modes of
experiments the declining trends of heart regeneration with the age of animal was similar to that of the
untreated control group animals (Table 1). For the study of sequential events occurred during heart
regeneration in situ, animals were preserved at day 5, 10 and 20 after operation. In vitamin A treated
cases, amputated heart showed regenerative visible changes (Figs. 2, 3, 4, and 5) and lost part regrowth by
day 20. Histological observations revealed that following amputation, cardiomyocites become to detach
from one another, creating large intercellular spaces (Fig. 6).

Figure 3: Photograph of amputated heart of Figure 4: Photograph of amputated heart of
vitamin A treated group (5 days old) young vitamin A treated group (10 days old) young
tadpoles showing dome shape blastema like tadpoles showing regeneration of lost
structure at wounded site. (20X) ventricular part. (20X)
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Table 1: Cardiac tissue regeneration in situ and at ectopic site under the influence of vitamin A in

tadpoles of the toad, Bufo melanostictus

Mode of | Developme- | Group Day of | No. of | Percentage of structure
experiment ntal stage Preserv- | operated | developed
(Series) of tadpoles ation and Regenerates | Non
employed preserved | (lost part) regenerate
animals
SI:  Tadpoles | Young C1 Control | 5 5
with (3 toe stage) | operated animals | 10 5 42% 58%
amputated tadpoles reared in water D1 | 20 10
heart - D20 = Water
(heart T1 : Vitamin A |5 5
regeneration in treated 10 5 68% 32%
situ) DO - D3 = Vit A 20 10
D4 - D20 = Water
Mature C2 : Control 5 5
(5 toe stage) | DO - D20 = Water | 10 5 38% 62%
tadpoles 20 10
T2 : Vitamin A |5 5
treated 10 5 65% 35%
DO-D3=VitA |20 10
D4 - D20 = Water
SlIl:  Tadpoles | Young C3 : Control 5 5
with  meshed | (3 toe stage) | DO - D20 = Water | 10 5 25% 75%
cardiac tissue | tadpoles 20 10
explants in a T3 : Vitamin A[5 5
pit made on treated 10 5 52% 48%
their tail DO-D3=VitA |20 10
(Ectopic heart D4 - D20 = Water
regeneration) | Mature C4 : Control 5 5
(5 toe stage) | DO - D20 = Water | 10 5 18% 82%
tadpoles 20 10
T4 : Vitamin A |5 5
treated 10 5 48% 52%
DO-D3=VitA |20 10
D4 - D20 = Water

The aligned array of cardiac muscle filaments visible in uninjured heart became disorganized. Following
amputation the proportion of these structurally altered, cardiomyocites increased, peaking at around day
5-10. Cardiomyocites appeared healthy. In vitamin A treated cases it is reported that regeneration after
heart apex amputation involves blastema formation i.e. accumulation of dedifferentiated cells near the
edge of the lesions (Fig. 6 and 7).

These blastema cells originate either from the dedifferentiation of resident cardiomyocites or from
resident progenitor cells. Numerous cells undergoing mitosis appeared in the compact layer and in the
trabeculae, which in part seemed to be derived from differentiated cardiomyocites. During the first 24
hours post injury, it leads to cardiomyocite death within the injured area. Cell death is followed by a rapid
proliferative response in endocardium, epicardium and myocardium. The sequence of events described
thus for would indicate that during regeneration cardiomyocites detach from one another and disassemble
their sarcomeric structure presumably to facilitate cell cycle re-entry.
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Figure 5: Photograph of amputated heart of vitamin Figure 6: Microphotograph of a section
A treated group (20 days old) young tadpoles passing through the amputated heart of
showing complete regeneration of lost ventricular vitamin A treated young tadpole (5 days old)
part. (40X) showing dedifferentiated blastemal cells.
(100X)

AH — Amputated heart; LA — Level of amputation; H — Healing; ISR — Initial stage of regeneration
(blastema formation); RH — Regenerated part of the amputated heart; DBC — Dedifferentiated blastema
cells

’ Z )
Figure 7: Microphotograph of a section passing Figure 8: Microphotograph of a section passing
through the amputated heart of vitamin A through the amputated heart of vitamin A
treated young tadpole (10 days old) showing treated young tadpole (20 days old) showing
differentiation of cardiomyocites. (100X) complete regeneration of lost part of ventricle.
(100X)
Note:- Normal looking cardiac architecture in the regenerated ventricular part.
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By day 5 the wound showed proper healing whereas on day 10 wound showed rapid resolution of
granulation tissue and a restoration of normal myocardial architecture. By day 20, amputated heart
showed little to no scar tissue in the wound area particularly in vitamin A treated cases. Myocardium was
strikingly normal looking by day 20 (Fig. 8). In vitamin A treated cases, amputated heart progressively
eliminate the scar and regenerate the lost myocardium, indicating that scar formation is compatible with
myocardial regeneration and the existence of endogenous mechanism of scar regression. In some others
there was little evidence of myocardial replacement. In vitamin A treated cases particularly, complete
regrowth of the amputated region is achieved at 20 days post amputation resulting in functional heart
(Fig. 5 and 8).

-

Figure 9: Photograph showing the site of implantation of messed tissue. Meshed cardiac tissue was
implanted into a pit made on mid-lateral position of tail of the host tadpole. (20x)

Promising results obtained from the tadpoles of series Il. The mode of experiment was ectopic
transplantation of meshed cardiac tissue. Engraft ventricular tissue showed regenerative features as shown
in figures 9, 10 and 11. It was observed that in untreated control group host tadpoles (S1I-C3) engraft
tissue lost most of the cardiac expression just after 20-24 hours implantation. Whereas, not a single
explant found to differentiate into functional cardiac patch showing normal beating. Whereas, in vitamin
A treated host tadpoles of series Il T3 and T4 engraft tissue showed good vascularization and even normal
cardiac beating. It seems that vitamin A influenced the differentiation process of meshed cardiac tissue
explants in the implanted site (tail) consequently transplanted cardiac tissue differentiated like miniature
ectopic heart on the tail. It appears to function normally. It was observed that in young 3 toe stage host
tadpoles the percentage of such miniature functional ventricular myocardium clusters was 52% and in
mature host tadpoles it was 48%.
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tail). All figures showing development, differentiation and growth of the implants. (20x)

DC - Differentiating cardiomyocites; BC — Blastemal cells; RCTF — Regenerated cardiac tissue fibres;
RH — Regenerated heart; SI — Site of implantation; T — Tail of the host tadpole; DIT — Differentiation of
implanted tissue; VTR — Ventricular tissue regenerate at ectopic site

Figure 12: Photograph of a cardiac ventricular Figure 13: Microphotograph of a section is
tissue implant on the tail of recipient vitamin A passing through the implanted ventricular
treated tadpole showing normal growth and cardiac tissue on recipient vitamin A treated

beating on day 20. (20X) tadpole’s tail showing regeneration and
normal differentiation of cardiac tissue.
(100X)

RVTI — Regenerated ventricular tissue implant RCTF — Regenerated cardiac tissue fibres

De-differentiation of meshed cardiomyocites and successful integration of transplanted cells into host
tissue is interesting. Matter of curiosity was synchronization between beating and blood supply at ectopic
site (mid lateral position of the tail) As seen in figs. 12 and 13. Some explants in vitamin A treated host
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tadpoles began to express similar ventricular architecture on day 20 after transplantation. Histological
observations give evidence of heart regenerative ability under the influence of vitamin A even at ectopic
site (Fig. 13).

DISCUSSION

The results presented here show that toad tadpoles can make a substantial contribution to our
understanding of heart regeneration. Vitamin A was found to be a good model to accelerate heart
regeneration in situ as well as at ectopic site. The current model of heart regeneration in toad tadpoles is
based on the resection of around 20% of the ventricular apex. In vitamin A treated animals complete
regrowth of the amputated region including myocardium and endocardium tissue is achieved at 20 days
post amputation, resulting in functional heart. Similar to present finding (Laube et al., 2006; Simonetta
and Saverio Sartore 2009 and Tate and Oberpriller 1989.) reported in adult newts (Notophthalmus
viridescens) larval axolotl (Amblystoma mexicanum) and teleost fish (Zebrafish), regeneration after heart
apex amputation involves blastema formation i.e, the accumulation of dedifferentiated cells near the edge
of the lesion. Several workers suggested that FGF induces heart regeneration (Lepilina et al., 2006; Poss
2007 and Marques et al., 2008). Inhibiting the FGF receptor blocks cardiac regeneration. The same
signaling pathway guides cardiac progenitor cells in regulating heart size and ventricular cardiomyocite
number at later stages of development (Marques et al., 2008). Others signal may cooperate with FGF to
induce myocardial proliferation during regeneration (Poss, 2007). In present study vitamin A might
accelerated the FGF activity and thus results high percentage of heart regeneration not only in situ but
also in transplanted mode.

Menasche (2005) reported that engrafted myoblasts would transdifferentiate into cardiomyocites,
although available physiological data suggest that such graft do not beat in synchrony with the rest of the
heart (Leoban et al., 2003 and Rubart et al., 2006). Despite this shortcoming studies in small and large
animal models have reported beneficial effects of myoblast grafting on ventricular contractile function
after myocardial infarction (Laflamme et al., 2005). During development, the epicardium has been shown
to stimulate myocardial cell proliferation through the secretion of tropic factors (Sucov et al., 2009).
Therefore, the epicardial population might act as a source of signaling molecules that derives regeneration
of the underlying myocardium. It was also hoped that during regeneration EPDCs (Epicardial Derived
Cells) might serves as a progenitor cell source to repopulate the damaged heart (Porrello, 2011 and
Jopling et al., 2010).

In Zebrafish and newt, heart regeneration is reported to accompany not only by progenitor cell activation
or cell dedifferentiation, but also by the up-regulation of genes encoding matrix metalloproteinases
(Vinarsky et al., 2005 and Lien et al., 2006) and tissue inhibitors of matrix metalloproteinases (Stevenson
et al., 2006). After heart injury in Zebrafish, fibroblast and cardiomyocites are activated in a reciprocal
manner. Lepilina et al., (2006) reported in Zebrafish heart regeneration that regeneration of the
myocardium results from the differentiation of progenitor cells and not from dedifferentiation. Thus
provides important support for the progenitor hypothesis. Wills et al., (2008) also reported that
cardiomyocite progenitor cells are induced throughout the entire adult myocardium during rapid
homeostatic tissue growth. In addition, epicardial-derived cells from the outer edge of the heart actively
migrate into the myocardium during both regeneration and homeostasis to build vascular tissue (Lapiline
et al., 2006 and Wills et al., 2008). From the present result it can be presumed that cardiomyocites may
constitute the ideal donor cell. For transplantation into infarction heart, as they possess the necessary
structural and physiological attributes to integrate functionally with resident myocardial cells. Li et al.,
(1996); Dowells et al., (2003) and Murry et al., (2005) reported improved function following
transplantation of fetal or neonatal cardiomyocytes into experimentally injured hearts.

Recently, genetic inhibition of FGF signaling after ventricular regeneration in the Zebrafish has been
reported to induce irreversible scarring (Kikuchi et al., 2010). Interestingly, myocardial regeneration takes
place even in the presence of scar. Our present results support the notion that scarring does not inhibit
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cardiomyocite proliferation during heart regeneration in toad tadpoles. Moreover, scarring is reversible
and that endogenous mechanisms of scar removal are present in this animal model.
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