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Abstract
In the first section, establishment of isolation and culture methods of larval and adult
epidermal basal cells from the frog, Xenopus laevis, were reviewed in detail. Application
of cell culture systems of both larval and adult epidermal basal cells revealed two
important findings on physiology and development of Xenopus laevis epidermal cells.
One is about Ca++ regulation of epidermal cell growth, cornification and keratin
expression. In low calcium (Ca++) condition of culture medium, adult epidermal cells
grow well but do not undergo terminal differentiation. This feature is well conserved
between adult mammalian epidermal cells and adult Xenopus laevis epidermal basal cells.
On the other hand, larval epidermal basal cells never keratinize irrespective of Ca ++
concentration. The other is about hormonal induction of adult phenotypes in larval cells.
Addition of metamorphic hormone, T 3, into Xenopus larval epidermal cells cultures
induces the features of adult epidermal cells (adult type keratin synthesis, stratification
and cornification). In the second section, findings on the mechanisms of muscles
conversion from larval to adult type were reviewed in detail. Analysis of isoform change
of muscle contractile proteins revealed the important aspect of muscle remodeling of
tadpole dorsal muscles. The conversion of muscle isoform type (from larval type to adult
type) occurs during metamorphosis along with anteroposterior body-axis, and this larvalto-adult dorsal muscle conversion was found to occur by cell replacement with adult cell
proliferation and programmed death of larval muscles. A series of studies using larval
and adult myogenic cells revealed the presence of two different types of muscle stem
cells, larval and adult stem cells. Larval myogenic cells grow slowly but start
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differentiation early in culture, whereas adult myogenic cells grow fast but start
differentiation late in culture. Furthermore, co-culture experiments revealed that some
important cell-interactions between myogenic cells (larval and adult type), and between
myogenic and non-myogenic cells. The former is the “promotion of differentiation of
adult myogenic cells by larval myogenic cells”. The latter are the “notochord
suppression” of adult myogenesis and the “spinal cord” promotion of adult myogenesis.
Suppression of adult cell-specific myf5 up-regulation by notochord cells-adult stem cells
interaction was also described.

Introduction
Amphibian development has a unique feature, differing from other non-amphibian
tetrapod, that the larval-to-adult organ remodeling occurs by thyroid hormone (T3) during
metamorphosis, and provides a good opportunity for studying cell death, growth,
differentiation and cell-cell interactions (Ishizuya-Oka, 2011; Miller, 1996; Nishikawa, 2012;
Yoshizato, 2007). Since development of anuran amphibian, except for direct developing frogs
(Callery et. al., 2001), occurs by biphasic change from eggs to larvae (first step) and larvae to
frogs through metamorphosis (second step), we often feel as if evolutional change of body
plans from aquatic (or fish) to terrestrial (or tetrapod) type is replicated during
metamorphosis. Therefore, studying adult amphibian phenotypes (such as cornified epidermis
and limb formation) that have been acquired during fish-to-amphibian evolution, will
contribute to understanding not only amphibian organogenesis but also prototypic
mechanisms common to all (or nearly all) tetrapods.
The most obvious feature of anuran amphibian metamorphosis is remodeling of organs
from larval type to adult type. It occurs more dramatically in anuran rather than urodela. For
example, during anuran metamorphosis, the tails completely disappear and instead fore- and
hindlimbs are generated as major locomotive organs. Furthermore, in anuran tadpoles,
preexisting larval type organs (other than the tail) also disappear by programmed cell death
(apoptosis) (Kerr et al., 1974) and at the same time cell divisions and differentiation occur to
make adult type organs. For example, dorsal muscles of Xenopus tadpoles are remodeled
from larval to adult type by cell replacement including programmed death of larval-type
muscles and new adult myogenesis (Nishikawa and Hayashi, 1994). Increase in blood T3
level has a leading role for this remodeling during metamorphosis. Therefore, analyses of T3mediated larval type cell death and how T3 promotes cell growth and differentiation of adult
type tissue stem cells will clarify the mechanisms of region-specific hormonal regulations
during anuran metamorphosis.
Then, what kind of differences are there between larval and adult type stem cells? To
answer this question, one of the powerful methods is to use cell culture techniques using
isolated larval and adult stem cells. In case of Xenopus laevis, it has been developed to isolate
and cultivate adult and larval epidermal basal cells (Nishikawa et al., 1990) and myogenic
cells (Shibota et al., 2000) thus far. In the present chapter, the mechanisms of organ
remodeling from larval to adult types are reviewed in detail focusing on cell culture studies
on Xenopus epidermal cells (first section) and myogenic cells (second section).
The first section describes two important findings on physiology and development of
Xenopus laevis epidermal cells. One is that Ca++ regulation of epidermal cell growth,
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cornification and keratin expression is well conserved between mammals and Xenopus
(Shimizu-Nishikawa and Miller, 1991). The other finding is that these features are not
observed in Xenopus larval epidermal cells and are dramatically induced by T3 in vivo and in
vitro (Shimizu-Nishikawa and Miller, 1992; Nishikawa et al., 1992).
In the second section, two findings are described focusing on larval-to-adult myogenic
conversion. One is that two different myogenic stem cells (larval and adult types) are
involved in muscle conversion in Xenopus laevis during metamorphosis. Studies using
isolated these cells revealed that two types of myogenic cells have different growth activities
and unique differentiation programs (larval cells differentiate quickly than adult cells do)
(Shibota et al., 2000), and contrasting developmental fates (larval cells die but adult cells live
under T3) (Shimizu-Nishikawa et al., 2002).
The other finding is that adult myogenesis is regulated by interaction between myogenic
and non-myogenic cells such as “notochord suppression” and "spinal cord promotion”
(Yamane et al., 2011). The former suppression was found to occur through down-regulation
of myf5 transcription factors by short-range interaction of adult stem cells with notochord
cells (Yamane and Nishikawa, 2013).
The reason to study the mechanism of larval-to-adult conversion using Xenopus laevis is
that such analyses will provide an important insight not only into the processes of organ
remodeling during amphibian metamorphosis but also the tetrapod（terrestrial vertebrate）specific adult-organ development that occurs by cell differentiation, programmed cell death,
gene expression change and stem cells conversion.

1. Mechanism of Larval-to-Adult Conversion
of Epidermis during Xenopus Laevis
Metamorphosis
The terrestrial vertebrates (the tetrapods), i.e. amphibian, reptilian, avian, and
mammalian, had succeeded in diminishing water evaporation from their bodies into the air
and enhancing physical barrier functions by changing the nature of epidermis, i.e., obtaining a
mechanism of whole-body keratinization. Therefore, all terrestrial vertebrates have a
cornified special structures of epidermis surrounding their whole body surfaces. This
cornified epidermis consists of a specific layered structure consisting of four major cell layers
(stratum basale, stratum spinosum, stratum granulosum, and stratum corneum) with different
differentiation states.
Each layer perpendicularly stratifies in this order on the basement membrane which is
located at the boundary between epidermis and underlying dermis. The basal cells in the
stratum basale proliferate and generate differentiated cells, and these daughter cells migrate
toward apical (“air-faced”) side, undergoing sequential terminal differentiation, i.e., synthesis
of keratinization-specific keratin, formation of cornified envelope just beneath the cell
membrane and breakdown of the nuclei. The outermost layered cells (dead terminally
differentiated cells=cornified cells) slough off as a dirt, and the cell division of basal cells
compensate the cell number loss, enabling the cellular turn over from basal to apical
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direction. On the other hand, in case of fishes, there is no such cell turnover accompanying
epidermal cornification (Motoltdy and Breiter-Hahn, 1986, Whitear, 1986).
The epidermis of amphibian tadpoles is multilayered but does not undergo keratinization.
It seems like a fish type epidermis. During metamorphosis, stratified epidermis with
keratinized and cornified cells is developed and, finally, whole body surfaces are completely
covered by keratinized epidermis (Suzuki et al., 2009) after metamorphosis. If we isolate
epidermal basal cells from both larval and adult epidermis and compare their natures in vitro,
we can exactly evaluate the difference in cell proliferation activity, differentiation potential,
and life-and-death fate between the two types of stem cells isolated each from keratinized or
non-keratinized epidermis. Especially, the “Ca++ regulation” is one of the most important
features of “keratinized” epidermal cells, which was originally found in studies with
mammalian epidermal cells (Hennings et al., 1980). The low calcium (< 0.1mM) is needed
for cell proliferation and, vice versa, high Ca++ (> 0.2mM) is required for initiation of
keratinization-specific keratin synthesis at the suprabasal layers. Then, is there the same
“Ca++ regulation” mechanism in the epidermal cells of the frog, which entered the land earlier
than amniotes during evolution. Are these properties are unique to animals that undergo the
“whole body” keratinization? If this is the case, the growth of epidermal cells in the larval
frogs (i.e., tadpoles), which do not undergo “whole body” keratinization, are also controlled
by Ca++? The isolated epidermal cell culture system can answer such questions. Besides, since
the potential for “whole body” keratinization is acquired during metamorphosis, we can
analyze the regulation by thyroid hormones of larval (non-keratinized)-to-adult (keratinized)
conversion of epidermal basal cells using isolated epidermal cell culture system.
In this section, at first (1.1), the methods to isolate epidermal basal cells from larval and
adult frogs of Xenopus laevis are described (Nishikawa et al. 1990), and the functional
homology between adult frog and mammalian epidermal basal cells as to Ca++ dependent
regulation of growth and differentiation is also described (Shimizu-Nishikawa and Miller,
1991). Secondary (1.2), it is also described whether thyroid hormone induces adult
phenotypes such as stratification, cornification and keratinization-specific keratin expression,
which are unique to terrestrial vertebrates (Nishikawa et al., 1992). Furthermore, this section
describes the effect of hydrocortisone on enhancement of thyroid hormone action (ShimizuNishikawa and Miller, 1992) and discusses the mechanism of hormonal induction of larvalto-adult epidermis conversion.

1.1. Establishment of Isolation and Culture Methods for Larval and Adult
Epidermal Cells of Xenopus Laevis for the Analysis of Functional Homology
in Growth and Differentiation Properties between Frog and Mammalian
Epidermal Cells In Vitro
There are three aims of establishing isolation and culture methods of adult and larval
epidermal basal cells each from frog and tadpole epidermises. One is to examine whether frog
epidermal cells have the same properties as those in mammalian adult epidermal cells, i.e., the
low Ca++-dependent cell growth, the high Ca++ induction of keratinization (stratification,
cornification and suprabasal layer-specific expression of high molecular weight keratins). The
second aim is to confirm that such properties (adult phenotypes of terrestrial vertebrates) are
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not existed in amphibian larval epidermal cells. The third aim is to examine whether such
adult phenotypes can be induced by addition of metamorphosis-related hormones such as
thyroid hormone (T3) and corticosteroid into larval cell culture system. For these aims, the
isolation and cultivation methods of adult and larval epidermal basal cells each from young
frogs and pre-metamorphic tadpoles of Xenopus laevis were established (Nishikawa et al.,
1990).

Figure 1. Isolation and purification methods of adult (A) and larval (B) epidermal cells from Xenopus laevis.
With the aid of protease (dispase alone, or trypsin and dispase) digestions, adult and larval epidermal cells
were dissociated from frog and tadpole skins, respectively. Then, two fractionation steps were used. First one
is “Percoll gradient centrifugation” for the deletion of pigment cells, second one is “unit gravity
sedimentation” with albumin-Percoll discontinuous gradient for the separation of basal cells from
differentiated epidermal cells and fibroblasts. The purity of isolated cells was about 98% by judging from
keratin staining for both larval and adult epidermal cells.

Figure one shows the outline of the isolation methods of larval and adult epidermal cells
from Xenopus laevis.
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Figure 2. Morphology and keratin expression pattern of cultured larval and adult epidermal cells of Xenopus
laevis. A- C: Phase contrast photomicrographs of cultured larval (A and B) and adult (C) epidermal cells at
4th days. Larval cells showed the keratinized phenotype only in the presence of T3, whereas adult cells
keratinized without T3 (C; Arrows). D: Cytoskeletal protein patterns of cultured larval and adult epidermal
cells at 4th day. The proteins were labeled with 35S-amino acids for 4 h, extracted, separated by SDS-PAGE,
and detected by autoradiography. Adult cells expressed adult type 63-kDa keratin very strongly (indicated by
an arrow). Larval cells expressed 63-kDa keratin weakly without T3, but T3 strongly increased the expression
level. E-J: T3-induction of 63-kDa keratin synthesis in larval epidermal cells in vitro. Larval epidermal cells
from the body (E-G) and tail (H-J) were cultured for 4 days with no hormone (E and H), 10-8 M T3 (F and I)
or 10-8 M T3 and 5 x 10-7 M hydrocortisone (HC) (G and J). Epidermal cells were stained with anti-63-kDa
keratin antibody. Closed triangles indicate the cells which express 63-kDa keratin weakly. Arrows indicate
the cells which express 63-kDa keratin strongly. The bar in E represents 20 μm.

Basically, cells from larval and frog skins were dissociated by treatment with proteases.
For larval skins, treatment was done with 0.18% trypsin (5 min at room temperature) and then
with 2.5 units/ml dispase (30 min at room temperature and 18 hours at 4℃), and for adult
skins with 60 units/ml dispase alone (18 hours at 4℃). Since the dissociated cells were
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heterogeneous cells, two cell separation steps, i.e., Percoll density-gradient centrifugation and
albumin unit-gravity sedimentation, were performed. The first one could separate pigment
cells from others according to the difference in cell’s buoyant densities. The second one could
separate fibroblasts and keratinized (terminally differentiated) cells from epidermal basal cells
based on the difference in cell size, and finally we could recover larval and adult epidermal
basal cells of 98% purity (assayed by anti-keratin staining).
If they were cultured in vitro, they attached and became a single layer of squamous cell
sheet characteristic of epithelial cells, and larval cells never cornified without T3 whereas
adult cells did so to make stratified cell layers (Figure 2 A-C). SDS-PAGE analysis showed
that there are quite different patterns of cytoskeletal keratin patterns between adult and larval
epidermal cells (Figure 2 D). Adult cells contain many 63-kDa keratins but larval cells
contain less 63-kDa keratins. Since 63-kDa keratin is a marker of adult epidermis (Mathisen
and Miller, 1987), this leaky expression in pre-metamorphic epidermis suggested the presence
of pre-adult (adult precursor) epidermal basal cells in the isolated larval cells. Although
isolated adult cells is thought to be heterogeneous epidermal cells with various differentiated
states, they at least contain the adult (terrestrial) type basal epidermal cells. Because, as
described below, their growth and terminal differentiation (keratinization) with vertical
direction from bottom to apical side was clearly observed in vitro (Figure 2C).
In order to compare essential nature between both types of isolated cells, it was necessary
to make low-Ca++culture medium and delete steroid and thyroid hormones from the serum in
culture medium. The reason for removing Ca++ from the medium is that growth of frog
epidermal cells may also require low Ca++ concentration as like as mammalian epidermal
cells in vitro. On the other hand, the reason for removing thyroid and steroid hormones from
serum is that the serum used for making original culture medium should be free of such
hormones if we want to see the effect of thyroid and steroid hormones by adding them into
cultures of larval epidermal cells. Therefore, the Ca++ in the serum was deleted by treating
serum with Chelex (200-400 mesh; Bio-Rad) resins described by Kaung (1983), and thyroid
and steroid hormones were removed by treating serum with activated charcoals as described
previously (Yoshizato et al., 1980).
The in vitro comparison between larval and adult epidermal cells revealed that there are
several similar and different points between the two. The adequate concentration of serum
that was required for cell growth was quite different between larval and adult cells: 1% for
larval and 5% for adult epidermal cells. The proper basic medium for cell growth activity was
also different between the two: Ham’s F12/Eagle’s MEM (1:1) was suitable for larval cells
but MCDB151 was the best for adult epidermal cells. On the other hand, promotions of cell
growth by insulin and cell attachment activity by fibronectin were observed both in larval and
adult epidermal cells. The concentration which was suitable for cell growth was low (below
0.2 mM) both in larval and adult epidermal cells. The difference in Ca++-regulatory property
between the two was that larval cells grow at the wide range of Ca++ concentration (around
0.1 - 0.4 mM), while adult cells proliferate just below 0.1mM Ca++.Very interestingly, this
property, i.e., low Ca++ concentration-dependent cell proliferative activity of frog epidermal
cells, completely coincided with that of mammalian adult epidermal cells cultured in vitro
(Hennings et al., 1980; Peehl and Ham, 1980). In mammalian epidermal cells, the occurrence
of terminal differentiation (stratification and cornification) under in vitro condition are also
regulated by Ca++ concentration: high Ca++ (more than 0.1 mM) is required for the terminal
differentiation. Therefore, the analysis of Ca++ dependency of terminal differentiation of frog
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epidermal cells was done using in vitro system (Shimizu-Nishikawa and Miller, 1991). In this
study, whether the induction of keratinization (terminal differentiation) occurs by increase of
Ca++ concentration was examined by counting the number of cornified cells (SDS-insoluble
cells) in adult epidermal cell cultures. The result clearly showed that below 0.1 mM Ca++,
adult cells proliferated and did not start keratinization (terminal differentiation) at all, keeping
with a single layer status. However, keratinization was found to occur when the Ca++
concentration changed from 0.1 mM to 0.5 mM. The Ca++ induced the cornification of adult
epidermal cells dose-dependently, and more than 0.2 mM Ca++ was required for the induction.
This value was almost same as those observed in mammalian case (Hennings et al., 1980).
Thus, it was clearly demonstrated that Ca++-dependent regulatory mechanism of growth and
differentiation (keratinization) is completely conserved between mammals and Xenopus
laevis. Examination of in vitro keratin gene expression by electrophoresis (SDS-PAGE)
(Shimizu-Nishikawa and Miller, 1991) revealed that adult epidermis-specific 63-kDa keratin
(Keratin-Ⅰ, Hoffmann et al., 1985) upregulated when the terminal differentiation was
induced by increased level of Ca++ (more than 0.2 mM). Furthermore, it was found that high
Ca++ concentration (more than 0.2 mM) induced the adult epidermis-specific 51-kDa keratin
(Keratin-Ⅲ, Hoffmann and Franz 1984). This 51-kDa keratin was found to be expressed in
vivo at strata spinosum and granulosum by the subsequent study (Watanabe et al., 2001).
Therefore, it is conceivable that induction by high Ca++ of in vitro structures comparable to
strata spinosum and granulosum is involved in the new synthesis of 51-kDa keratin
(suprabasal-specific) and the upregulation of 63-kDa keratin (adult epidermis-specific)
synthesis. Keratin filaments are usually formed by paired expression of one type Ⅰ (acidic)
and one type Ⅱ (basic) (Sun et al., 1984). According to this keratin pairing rule, it is
speculated that 51-kDa (typeⅠ) and 63-kDa (typeⅡ) keratins were expressed together as
partner molecules to make keratin fibers in suprabasal epidermal layers. On the other hand, it
is also speculated that 63-kDa keratin expression at low Ca++ condition is related to keratin
expression at stratum basale because this condition (low Ca++) does not induce terminal
differentiation (i.e., formation of suprabasal layers). Actually, anti-63-kDa keratin antibody
staining of frog skin sections revealed that the 63-kDa keratins were expressed at both stratum
basale (weak expression) and suprabasal layers (strong expression) (Nishikawa et al., 1992).
This keratin expression pattern do not follow the rule of keratin-pairing in which different
keratin pairs are expressed at cells with a different differentiation state (Sun et al., 1984).
However, since there is only one typeⅡ keratin (63-kDa keratin) in case of X. laevis
epidermis, only one typeⅡ keratin (63-kDa keratin) might be used twice by changing the
expression intensity; strong at suprabasal and weak at basal layers, respectively. The sharing
of typeⅡ keratin (63-kDa keratin) between different epidermal layers of X. laevis might
reflect the transition situation of keratin molecule specialization from aquatic to terrestrial
type during vertebrate epidermis evolution.

1.2. Hormonal Regulation of Epidermal Conversion
Although adult frog epidermal cells showed Ca++ concentration-dependent differentiation
property, keratinization (terminal differentiation) did not occur at all in larval epidermal cells
regardless of Ca++ concentration (Shimizu-Nishikawa and Miller, 1992). Therefore, larval
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epidermal cells are thought to be in a stage before the acquisition of keratinization potential.
This epidermis stage before metamorphosis is similar to that of fish type (aquatic and nonkeratinized) epidermis. So, it was examined whether the addition of thyroid hormone (T3) to
larval cell cultures can induce the epidermal cell conversion from aquatic (non-keratinized) to
terrestrial (keratinized) type (Shimizu-Nishikawa and Miller, 1992; Nishikawa et al., 1992).
The results clearly showed that addition of T3 (10-8 M）into larval cell cultures induced the
stratification of epidermal cells (Figure 2 B) and the formation of SDS-insoluble cells (i.e.
cornified epidermal cells) within 3 days. Corticoid is known to work synergistically with
thyroid hormone to promote metamorphosis (Frieden and Naile, 1955, Kobayashi, 1958,
Krug et al., 1883). If these two hormones (10-8 M T3 and 5x10-7 M hydrocortisone=HC) were
simultaneously added into larval epidermal cell cultures (Shimizu-Nishikawa and Miller,
1992), the induction of keratinization was considerably enhanced (Figure 2 G and J).
However, administration of only HC into larval cell cultures did not induce keratinization at
all. All these results suggest that thyroid hormone is the only the hormone that can induce
epidermal conversion from larval-to-adult type. This induction by T3 of keratinization of
larval cells occurred at high Ca++ concentration, but not occurred at low Ca++ concentration.
Therefore, keratinization property of larval epidermal cells which is acquired in vitro by T3induction is found to be similar to that of mammalian (and also frog) adult epidermal cells in
vitro from the viewpoint of Ca++ concentration-dependent regulation of terminal
differentiation.
It was examined using larval epidermal cell cultures whether the induction by T3 of
keratinization of larval cells occurs accompanying upregulation of adult-specific keratins
(Nishikawa et al., 1990). The results showed adult-specific 63-kDa keratin was expressed
weakly without thyroid hormone, but was expressed very strongly in larval cell cultures 4
days after addition of T3 (Figure 2 D). The induction of adult keratins occurred T3-dose
dependently with maximum induction at 10-8 M. The immunohistochemical staining of
cultured cells (Figure 2 E-J) revealed that weak expression of 63-kDa keratin without T3 was
resulted from the fewness of 63-kDa keratin-expressing cells in addition to weakness of their
expression intensity. On the other hand, strong induction of 63-kDa keratin synthesis by T3
(or T3+HC) in cultured larval cells was achieved through not only increase in number of cells
with weak expression, but also emergence of strongly expressing cells (Figure 2 F, G, I, and
J, arrows). Since strong expression of 63-kDa keratin is observed in vivo at spinous and
granular layers as described above, it is reasonable that the induction by T3 of strong 63-kDa
keratin expression in cultured larval epidermal cells occurred in connection with in vitro
induction of suprabasal cells differentiation.
When induction of keratinization in larval epidermal cells was enhanced synergistically
with simultaneous addition of HC (5x10-7 M) and T3 (10-8M), there was much more 63-kDa
keratin synthesis (Shimizu-Nishikawa and Miller, 1992). This T3-HC synergism in 63-kDa
keratin synthesis was found to occur by the promotion of the gene expression at transcription
level.
Although HC could not induce keratinization (stratification and cornification) in larval
epidermal cells, HC (5x10-7 M) alone could induce 63-kDa keratin synthesis in cultured larval
epidermal cells. This promotion of 63-kDa keratin synthesis by HC alone is found to occur at
translation (but not at transcription) level (Shimizu-Nishikawa and Miller, 1992). These
results suggest that the presence of thyroid hormone is essential for both inductions of
keratinization (stratification and cornification) and adult keratin (63-kDa keratin) expression
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at “transcription level” and these two phenomena are linked with each other. On the other
hand, enhancement by HC of 63-kDa keratin synthesis at translation level was observed only
in cultures of isolated cells but not in organ cultures or in vivo levels. Therefore, the effect of
HC-alone on the promotion of 63-kDa keratin translation in larval epidermal cells may
possibly be an artifact derived from some unknown effects during cell-isolation procedures.
For example, absence of dermis might cause the HC-mediated promotion of 63-kDa keratin
translation. It might be possible to explain that some dermis components basically suppresses
the 63-kDa keratin translation in larval basal cells in vivo, while in isolated larval epidermal
cell cultures such suppressive effect by dermis disappears and promotion of the keratin
translation is triggered by HC. It is thus important to clarify the role of dermis in epidermal
conversion during metamorphosis.
A later study using skin organ cultures (Utoh et al., 2003) revealed that relation between
the remodeling of dermis (i.e., fibroblast growth and the formation of loose connective tissues
between basement membrane and typeⅠ-collagen bundle layer) and the appearance of adult
basal epidermal cells, and suggested that pdgf (platelet-derived growth factor) signaling
between dermal fibroblasts and epidermal basal cells is important for the remodeling of
dermis and the basal cell conversion (adult basal cells proliferation and differentiation) during
Xenopus skin metamorphosis.
The 63-kDa keratin expression was observed only in a small fraction of larval epidermal
cells cultured in the presence of T3 (Figure 2 F and I). This suggested that there are two types
of basal cells in larval cell cultures, i.e., pre-adult basal cells which will become adult basal
cells and larval basal cells with a death-fate of apoptosis.
Therefore, in order to analyze larval-to-adult epidermis conversion from the standpoint of
the basal cell conversion, marker genes each for larval and adult epidermal basal cells should
be needed. For such aim, Watanabe et al. (2001, 2002) isolated one Xenopus larval keratin
(xlk) and three Xenopus adult keratins (xak-a, xak-b and xak-c). Using these probes they
reported that basal cells (“larval basal cells”) and “skein cells” (which contain large bundles
of skein-like keratin fibers in cytoplasm) in the larval skin before metamorphosis express xlk,
and suprabasal cells (“spinous” and “granular cells”) in the adult epidermis express both xaka and xak-b (Watanabe et al., 2001). Watanabe et al. (2002) also found that basal cells in
adult epidermis (“adult basal cells”) express xak-c. Utoh et al. (2003) further reported that
during transition stage from larval to adult epidermis there appeared the basal cells which
express both larval keratin (xlk) and adult keratin (xak-c) and thus they designated these cells
as “preadult basal cells” (precursors of adult basal cells). In addition, most of isolated adult
epidermal cells was found to express adult keratin (xak-c) after 3 days in culture and only a
very few cells express xak-b (Utoh et al., 2003), suggesting that the cells isolated from adult
epidermis by the method described by Nishikawa et al. (1990) consist of “adult basal cells”
with high purity.
Further analysis of the reactivity of these anti-Xenopus basal cell keratins (xlk, and xak-c)
antibodies with isolated Xenopus larval epidermal cells would clarify the precise cellular ratio
of larval basal and preadult basal cells within the isolated larval epidermal cells population. In
relation to the T3-mediated mechanism of larval-to-adult conversion of epidermal basal cells,
Utoh et al. (2003) reported using larval skin organ cultures, instead of isolated cell cultures,
that T3 has essential roles in making adult basal cell layers within larval skin explants and
supporting their proliferation and differentiation toward multilayered and keratinized adult
epidermis. In this system, however, there remains the question whether T3 effect is direct or
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indirect because of the complexity of organ culture system which consists of multiple cell
types.
On the other hand, the study with isolated larval epidermal cells (Shimizu-Nishikawa and
Miller, 1992) clearly showed as described above, that cornified epidermal sheets were formed
in larval epidermal cell cultures during 3 days in the presence of T3. This result mean that
larval epidermal cells which do not have keratinization potential (non-keratinized type) were
changed directly by T3 into adult epidermal cells (keratinized type) which undergo
proliferation and keratinization to produce cornified (terminally differentiated) cells. This
induction by T3 of adult epidermis in vitro was accompanied by the up-regulation of adult
keratin (63-kDa keratin) at transcription level as describe above.
Interestingly, the cultured larval epidermal cells isolated from tadpole tails (not from
body regions) also synthesized adult (63-kDa) keratin in response to T3 (Figure 2 D, H-J).
This suggests that the tail also contains some adult-type precursor cells (i.e., “pre-adult basal
cells”) although the tail is the larval organ and never become adult one. This idea is supported
by the observation that adult 63-kDa keratin were expressed in the tail at stage 64 (late climax
stage of metamorphosis) (Nishikawa et al., 1992). In relation to this point, Kinoshita and
Sasaki (1994 a, b) reported the presence of Xenopus tadpole tail basal cells which express
adult keratin (63-kDa keratin) and suggested that these and their descendants are the adult
precursor cells within the larval epidermis even in the tail area (Kinoshita and Sasaki, 1994
a).
Furthermore, they showed using BrdU labeling and skin transplantation that tail basal
cells stop proliferation during metamorphosis at the tail region but could proliferate at body
skin (back skin) area after the heterotopic transplantation (Kinoshita and Sasaki, 1994 b).
Collectively, these data suggested that there are some factors for suppression of adult
precursor cell proliferation in the tail environment or there are some shortages of critical
factors for adult cell proliferation in the tail. The culture system of larval epidermal cells
isolated from Xenopus tail and body regions would totally help further understanding such
positive and negative regulatory factors.
The tentative model for epidermal conversion during metamorphosis revealed by cell
culture system is shown in Figure 3.

Figure 3. Tentative model for epidermal conversion during metamorphosis revealed by Xenopus epidermal
cell culture system. In tadpole epidermis of both body and tail regions, there are pre-adult (adult type
precursor cells) epidermal basal cells which can become by T3 into adult epidermal basal cells in vitro. The
difference in developmental fate between body and tail epidermis is the difference in abundance of pre-adult
cells in each regions.
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2. Mechanism of Larval-to-Adult Conversion
of Muscles during Xenopus Laevis Metamorphosis
During Xenopus laevis metamorphosis, larval-to-adult muscle remodeling occurs as well
as epidermal remodeling. (Nishikawa and Hayashi, 1994). There are three different muscle
developmental fates; trunk dorsal muscles change from larval to adult type (“conversion
fate”); limb muscles newly form as adult-type muscles (“life fate”); and tail muscles are
programmed to die during metamorphic climax stage (“death fate”). Therefore, muscle
remodeling of X. laevis serves as an attractive system for studying regulatory mechanism of
cell growth, differentiation, cell death, morphogenesis, cell-to-cell interaction, decision of cell
fates, and hormonal regulation of these phenomena.
Though larval-to-adult epidermal conversion is significant for diminishing drying and
enhancing mechanical strength of the skin, what is the meaning of muscle conversion?
Probably, whole-body reconstruction of “tetrapod type” muscles having a sufficient strength
against the intense onshore gravity was necessary for evolution of tetrapods so that they move
with hands and feet on the land. Because, analysis with muscle contractile protein isoforms
revealed that dorsal muscles (trunk region) in X. laevis tadpoles are remodeled from larval
type to adult type muscles (Nishikawa and Hayashi, 1994). Limb bones are articulated with
and supported by coxal bones (ilium, ischium and pubis), and in case of anuran and amniotes,
iliac bones are further articulated with the sacrum consisting of fused vertebrae so that the
stress by limb movement is fully supported by back bones. Therefore, mechanical strength of
back bone muscles (dorsal muscles) should be comparable to that of limb muscles (adult-type
muscle). The remodeling of whole body muscles might occur for such reason.
In this section, analysis of isoform transition of contractile proteins related to new adult
myogenesis during X. laevis metamorphosis (Nishikawa and Hayashi, 1994), and significant
contribution of programmed muscle cell death to larval-to-adult muscle conversion
(Nishikawa and Hayashi, 1995，Nishikawa et al., 1998) are described at first (2.1).
Furthermore, a series of studies using cell cultures of larval and adult myogenic stem cells are
reviewed as follows (2.2 - 2.5).
(2.2): Establishment of primary culture methods of adult and larval muscle stem cells
from Xenopus laevis and basic properties of growth, differentiation, and thyroid hormone (T3)
responses of each cell-type (Shibota et al., 2000).
(2.3): Analyses of muscle life-or-death fate and cell-cell interaction between larval and
adult-type myogenic cells by co-culture system (Shimizu-Nishikawa et al., 2002).
(2.4): Analysis of cell-cell interaction between myogenic cells (larval or adult muscle
stem cells) and neighboring non-myogenic cells (notochord or spinal cord cells) revealed the
“notochord suppression” and “spinal cord promotion” of adult muscle differentiation
(Yamane et al., 2011).
(2.5): Analyses of cell proliferation and muscle regulatory gene expression revealed that
myf5 up-regulation occurs specifically in adult myogenic cells and the “notochord
suppression” of adult muscle differentiation occurs through myf5 down-regulation and earlyphase growth suppression (Yamane and Nishikawa, 2013).
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2.1. Remodeling of Xenopus Laevis Muscles Is Caused by Cell
Replacement with New Adult Myogenesis and Apoptosis of Larval Type
Muscles
Does cell replacement, which includes larval cell death and adult cell differentiation,
occur in tissues other than epidermis during Xenopus laevis metamorphosis? To answer this
question, examination was made of conversion of skeletal muscles (dorsal and tail muscles)
isoforms during X. laevis metamorphosis (Nishikawa and Hayashi, 1994). First of all, 2D
electrophoretic patterns of muscle contractile proteins were compared between adult and
larval dorsal muscles in order to see whether the two types are the same muscles or not. The
results showed that there are some adult (or larval) muscle-specific molecules. Secondary,
one dimensional SDS-PAGE analysis were done and the result showed that myosin heavy
chain changes from larval type (migrating fast) to adult type (migrating slower) during
metamorphosis. Furthermore, 2D electrophoresis and amino acid composition analysis
revealed that the ratio of tropomyosin (TM) β to TM α increases from 1:8 to 1:1 during
metamorphosis: In larval body muscles before metamorphosis, the content of TM α is larger
than that of TM β (α>β), while in adult body muscles, the contents of TMs are almost same
(α=β). Immunohistochemical analysis showed that there are a small adult area expressing
both TMs and a large larval area expressing only TM α in larval dorsal muscles before
metamorphosis. It is accordingly conceivable that “larval type” area in tadpole dorsal muscle
is composed of muscles with homodimers of TM α and “adult type” area in the dorsal muscle
contains muscles with heterodimers of TMs α and β.
It was thus found that dorsal muscles before metamorphosis express both TMs (α and β)
at very limited area with intense expression. This limited adult area is localized especially at
“dorsomedial (DM) parts” of the dorsal muscles before X. laevis metamorphosis, and adult
type muscle formation seems to start from this “center of adult myogenesis". Before
metamorphosis this adult type area is very small, and it gradually expands from dorsal to
ventral side with an anterior-posterior gradient with increase of adult-type muscle fibers
during metamorphosis. Finally, all parts of the dorsal muscles become “adult type” at the end
of metamorphosis. This kind of adult isoform change with anteroposterior and dorsoventral
gradients was also observed in myosin heavy chain (MHC) expression during X. laevis dorsal
muscle metamorphosis. These adult type areas at dorsomedial parts of dorsal muscles are
schematically illustrated in Figure 4A.
Analysis of TM of three different regions (i.e.; hindlimb bud, dorsal and tail muscles)
through metamorphosis stage revealed that isoform transition occurs earliest in limb bud, later
in dorsal muscles, and does not occur in the tail muscles. This may be related to the situation
that limb buds of anuran amphibian are formed as “adult organs” just before metamorphosis
and they do not have to produce enough amounts of “larval muscle isoforms”. On the other
hand, tadpole dorsal muscles are formed early and function as “larval type muscles” during
long larval period, and they are gradually converted from larval-to-adult type during
metamorphosis. Therefore, the switching of dorsal muscle isoforms during metamorphosis
seems to require relatively longer time. The difference in timing of isoform transition was
also observed in MHC expression among three regions.
It is one of the most important issues to examine whether muscle conversion occurs
during metamorphosis by cell replacement with larval muscle death and new adult muscle
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formation (hypothesis-1), or by changing gene expression program within the same cells
(hypothesis-2) (Figure 4 B). To clarify this point, it was examined whether cell growth and
cell death occur at adult (expressing adult isoform) and larval areas (expressing no adult
isoform), respectively.

Figure 4. A: Schematic drawing of the distribution of adult type muscle areas at dorsomedial part (DM) of the
dorsal muscles in Xenopus laevis tadpoles before metamorphosis. B: Schematic drawing of two hypotheses of
muscle-type conversion. In case of hypothesis 1, cell death and cell growth occur, but they never occur in
case of hypothesis 2. C: Schematic illustration of the cell replacement-mediated muscle-type conversion of
dorsal muscle during Xenopus laevis metamorphosis.

The result showed that there were many PCNA (proliferating cell nuclear antigen)+ cells
being in cell cycle in the dorsomedial parts of the dorsal muscles which express adult MHC,
while in the ventral parts of the same muscles (adult MHC- area) no PCNA+ cells were
observed at all (Shimizu-Nishikawa et al., 2002). The PCNA+ cells were often observed not
only at dorsal muscles but also at mesenchymal tissues adjacent to the dorsomedial part of
dorsal muscles which express desmin strongly. Quantitative analysis of PCNA+ cells with
cross sections from different anteroposterior positions showed that the proliferation activity
(number of PCNA+ cells) was higher in anterior sections than posterior sections at the early
stage of muscle conversion (stage 57; prometamorphosis stage). However, in the middle stage
of muscle conversion (stage 62; metamorphic climax stage), the activity was low in anterior
and higher in middle and posterior positions. Thus, it was found that DM parts having high
proliferating activity extend throughout the body from anterior to posterior direction
(Kawakami et al., 2009). This proliferating activity is thought to be an important part of
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dorsal muscle remodeling, and anteroposterior expansion of the activity causes the
progression of anteroposterior progression of adult isoform transition.
On the other hand, observation of cross section of stage 63, when muscle conversion
occurs in large scale, revealed that there are many apoptotic muscle cell death areas which
contain fragmented muscle fibers known as sarcolytes (= muscle apoptotic bodies)
(Nishikawa and Hayashi, 1994). This broken muscle fragments were stained with the
antibody (TM311) which recognize both larval and adult TMs (α and β) but not stained with
the antibody (TM288) which recognizes only adult TM (β), suggesting that these fragments
were derived from larval type muscles. These muscle fragments were found to be under
apoptotic processes because these fragments sometimes included TUNEL+ nuclei (i.e., nuclei
with damaged DNA) (Nishikawa and Hayashi, 1995). Detailed analysis of larval muscle
death revealed that apoptotic bodies first appeared near the base of the tail in early climax
(stage 59) when the T3 level is quite high, and thereafter expanded in an anterior direction in
the dorsal body and posteriorly in the tail (Nishikawa and Hayashi, 1995). Furthermore,
electron microscopic observation revealed that macrophages were present in both body and
tail muscles at the most active stage of metamorphosis and they actively phagocytosed
apoptotic muscle fragments (Nishikawa et al., 1998).
In summary, during metamorphosis, adult dorsal muscles are formed by cell replacement
with two contrasting cellular events (formation of new adult type muscles and apoptosis of
larval type dorsal muscles) (Hypothesis 1). The cell replacement-mediated muscle type
conversion of dorsal muscle is schematically illustrated in Figure 4C. Then, is there any
difference in myogenic precursor cells between larval and adult myogenic systems which are
responsible for larval-to-adult muscle conversion? If these myogenic precursor cells (or
myogenic stem cells) can be isolated and are used for cell culture, we can analyze the
mechanism of adult muscle formation in vitro. Isolation and culture methods of Xenopus
larval and adult myogenic cells were established by Shibota et al. (2000) and difference
between the two types were examined. The following sub-sections describe the studies using
these cell culture systems.

2.2. Establishment of Primary Culture Methods of Adult and Larval Muscle
Stem Cells from Xenopus Laevis and Basic Properties of Growth,
Differentiation, and Thyroid Hormone (T3) Responses of Each Cell-Type
Amphibian metamorphosis is known to be induced by thyroid hormone, T3. Are the cell
growth and differentiation of adult type myoblasts enhanced by T3? In contrast, are those of
larval type myoblasts weakened by T3? Does T3 induce programmed death of larval type
myogenic precursor cells? To answer these questions, studies using whole bodies or organs
are not so suitable because they are composed of many cell types. On the other hand, using
isolated myogenic precursor cells (or muscle stem cells) enables analyzing single-cell type
specific response. Therefore, Shibota et al. (2000) at first established isolation and culture
methods, which allow in vitro myoblast growth and myotube differentiation, of X. laevis
larval and adult myogenic stem cells from tadpole tail and frog hindlimb muscles,
respectively. Using these stem cell culture system, cell growth, differentiation and cell death
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activities and responses to T3 were analyzed and compared between the two cell types
(Shibota et al., 2000).

Figure 5. A: Protocol of the isolation and culture of larval ad adult myogenic cells of Xenopus laevis. B:
Photomicrographs of cultured adult and larval myogenic cells of Xenopus laevis. Photographs are taken under
a phase contrast microscope. Note that myotube formation in larval cells occurred at earlier culture period
than that in adult cells.

The isolation and culture methods were established as below (Figure 5 A). Small froglet
(body length=2.4 cm) leg muscles were used for the source of isolation of adult myogenic
stem cells. The tail muscles, which do not contribute to adult muscle formation, of tadpoles at
stage 54 were used as the source of larval myogenic stem cells. Froglets and tadpoles were
anesthetized on ice and sterilized by rinsing with 70% ethanol. Each muscles were dissected,
minced with scissors and digested with 0.3% collagenase for 1.5 h at 27 ℃ and then with
0.25% trypsin for 15 min at 27℃. The digested materials were mixed by pipetting (20 times)
and passed through nylon mesh (mesh size = 100 μm) to obtain a cell suspension. The cells
were washed three times with 70% DE (Dulbecco’s modified Eagle medium) supplemented
with 10% RTS (resin-treated fetal bovine serum), and cell number was counted. The cells
were seeded into 96-well plates (5-mm) with 0.1 ml of culture medium (2 x 104 cells / well),
or 24-well plates (16-mm) with 0.7 ml of culture medium (2 x 105 cells / well). The cells were
maintained in basic medium (70% DE : RTS = 9 : 1) at 25 ℃ in a humidified atmosphere of
4% CO2 and 96% air. RTS was prepared by treating fetal bovine serum with anion exchange
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resins (AG-8) in order to remove endogenous thyroid hormone, and was used throughout cell
culture experiments. This treatment effectively removes thyroid hormones, but does not so
remove growth factors (Samules et al., 1979).
Each cell types (larval and adult) could proliferate and fuse each other to make
multinucleated myotubes if they were cultured in basic medium (Figure 5 B). However, there
was significant difference in timing of switching from growth to differentiation state between
the two types. In case of adult cells, they proliferated during relatively long period (4 days),
and thereafter began differentiation from 5th day of culture to form multinucleate myotubes
(Figure 5 B). On the other hand, in case of larval cells, they started to fuse each other from
2nd to 3rd day of culture and formed many myotubes at 4th day (Figure 5 B). There were
significant differences not only in timing of differentiation but also in growth activity
between the two types. Analysis of cell number (estimated by DNA content) revealed that
adult cells have greater proliferation activity than larval cells, the former increasing 5.5-fold
while the latter increase two-fold during 7 days of culture period (Shibota et al., 2000). These
differences in growth and differentiation activities might be related to difference in stemness
between the two types of myogenic cells (detailed in sub-section 2.5).
The effects of metamorphic hormone, triiodothyronine (T3), on cell growth,
differentiation and cell death activities were compared between the two types (larval and
adult myogenic cells). T3 did not change the proliferation activity of adult myogenic cells, but
the number of larval cells decreased to half of control value at 6th day after T3 treatment
(Figure 6). This phenomenon, i.e. decrease of larval cell number by T3 addition, was found to
be involved in DNA synthesis inhibition caused by T3 (Shibota et al., 2000).
In order to compare the differentiation activity between the two types, total number of
myo-nuclei in myotubes formed in each culture dish was counted (Shibota et al., 2000). In
case of adult cells, myotube-formation was promoted at 3rd day after T3 addition. This
promotion occurred in T3-concentration dependent manner and maximum effect was observed
on 3rd day at 10-8 M, although the differentiation activity became the same level between
control and T3-cultures at 4th day. On the other hand, in larval cell cultures, T3 decreased the
number of myo-nuclei to 40% of control values at 3rd day and to 12% at 4th day. Scince there
was a possibility that myonuclei-decrease during day 3-4 is caused not only by differentiation
suppression but also by death of myonuclei (or myotubes), it was examined by TUNEL
(DNA nick end labelling) whether T3 induces death of larval cells with DNA breakdown in
vitro (Shibota et al., 2000). The result showed that desmin (a myoblast marker)-positive larval
cells with a TUNEL+ nucleus were observed at 7th day after T3 addition. The quantitative
TUNEL analysis showed that addition of T3 increased the ratio (%) of TUNEL+ cells from
2% (control) to 19%. On the other hand, in case of adult cells, there were few TUNEL+ cells
both in control and T3 cultures (<1%). Thus, it was found that T3 not only suppresses
differentiation but also induces cell death of larval myoblasts.
Taken together, contrasting differences in T3 responses were found between larval and
adult myogenic cells. The presence of many differences between larval and adult myogenic
cells suggests that there are two distinct types of muscle stem cells; one is the larval type
which has a death fate and another is the adult type not having the death fate. Isolation of
these two types was achieved at first by using tadpole tail muscles (as larval type source) and
frog leg muscles (as adult type source) in studies by Shibota et al. (2000). Do the two types of
stem cells really exist in tadpole dorsal muscles during metamorphosis? Since larval-to-adult
type muscle conversion occurs in dorsal muscles by adult cell growth and larval cell death,
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high possibility is expected that two types of stem cells exist in dorsal muscles during
metamorphosis. If there are two types of stem cells in a near distance, is there any interaction
between the two? To answer these questions, Shimizu-Nishikawa et al. (2002) isolated two
types of stem cells from tadpole dorsal muscles and demonstrated their real existence in
dorsal muscles. Furthermore, they analyzed interactions between the two types (larval and
adult) of cells in vivo and in vitro. These results are described in the following sub-section.

Figure 6. Effect of T3 on cell growth of cultured larval and adult myogenic cells. Adult (A and B) and larval
(C and D) myogenic cells were cultured for 7 days with (B and D) or without T3 (A and C) and
photomicrographs were taken after fixation and haematoxylin-staining. Note that, in the presence of T3, cell
number decrease occurred only in larval cells at 7th day. The bar in A shows 100 μm.

2.3. Analyses of Muscle Life-or-Death Fate and Cell-Cell Interaction
between Larval and Adult-Type Myogenic Cells by Co-Culture System
At first, to find circumstantial evidence for the presence of the two types of stem cells,
Shimizu-Nishikawa et al (2002) examined whether myogenic cells isolated from tadpole
dorsal muscles indicate the intermediate property between two myogenic cells (i.e., larval tail
cells and adult leg cells). Three different myogenic cells (tail muscle cells, dorsal muscle
cells, and adult muscle cells), were isolated respectively from larval tail muscles, larval dorsal
muscles and froglet leg muscles by the same method as described (Figure 5A), cultured with
or without T3 for 1 week, and fixed with paraformaldehyde for TUNEL analysis. In tail
muscle cells, T3 increased the ratio of TUNEL+ (dying) cells from 1.5% to 14% (9.3-fold
increase). In case of adult leg muscle cells, there were few TUNEL+ (dying) cells both in
control and T3 cultures (ca. 1%). On the other hand, in case of dorsal muscle cells, the ratio of
TUNEL+ (dying) cells was 1.7% and T3 increased the ratio to 4.4% (2.6-fold increase).
Thus, the cell-death induction ratio (%) of dorsal muscle cells was shown to be an
intermediate value between those of larval tail cells and adult leg cells. This result suggests
the co-existence of both larval (death-fate) and adult (life-fate) type of myogenic cells in the
tadpole dorsal muscles.

Xenopus As Model Animals for Studying Larval …

135

As a next approach, isolation of the two types of myogenic cells from tadpole dorsal
muscle was performed (Shimizu-Nishikawa et al., 2002). The myogenic cells were
dissociated from metamorphosing (stage-59) tadpole dorsal and tail muscles by the same
methods summarized in Figure 5 A. Tail myogenic cells were used as a control sample which
basically consisted of “larval type cells”. Each dorsal and tail muscle cells were pre-cultured
for 3 days in medium containing high concentration of serum (25% RTS). High concentration
of serum was used in order to suppress their differentiation during pre-culture period. Precultured cells were harvested by trypsinization and applied for two separation steps based on
different principles; the “Percoll-density gradient centrifugation” and the “unit-gravity
sedimentation” through albumin discontinuous gradient (see Figure 1). The result showed that
the dorsal (trunk) muscle cells were separated into two major bands (52% “trunk-1” and 48%
“trunk-2” cells), while tail cells were separated into one major (84% “tail-1” cells) and one
minor (16% “tail-2” cells) bands. The sizes of trunk-1 and tail-1 cells were smaller than those
of trunk-2 and tail-2 cells. Each cell fraction were found to contain myogenic cells because
they were positive for anti-desmin (myoblast marker) staining and could differentiate into
myotubes at high rate. The effect of T3 on each cell fraction was examined and the result
showed that T3 decreased the cell number of tail-1 and trunk-1 fractions but did not that of
trunk-2 fraction. There was found to be another difference other than that in cell growth
suppression between trunk-2 and trunk-1 cells, because they showed different features of
myotube-differentiation under T3. The differentiation of trunk-2 cells was enhanced by T3, but
in contrast that of trunk-1 was suppressed by the same hormone. Based on these results,
smaller cells (trunk-1 and tail-1) were considered as “larval myogenic cells” which have a
death-fate, and larger cells (trunk-2 and tail-2) were considered as “adult myogenic cells” not
having a death-fate. As to the mechanism by which the differentiation of “tail-2” cells is
suppressed in vivo, Yamane et al. (2011) suggested the importance of interaction between
myogenic cells and notochord cells. Studies about cell-cell interaction on adult muscle
formation are described in detail in sub-section 2.4.
In this way, it was found that there co-existed two different types of myogenic cells
(larval and adult types) in tadpole dorsal muscles during metamorphosis. In this connection, a
question arises as to whether the two types of myogenic cells fuse each other to form
heterokaryon myotubes with different cellular fates. To answer this, cultured larval (or adult)
myogenic cells were transplanted into the vicinity of tadpole dorsal muscle and it was
examined whether heterokaryon myotubes by fusion between larval (or adult) myogenic cells
and preexisting dorsal muscles are formed or not. In order to trace the fate of transplanted
cells in dorsal muscle area, myogenic cells were isolated from Xenopus borealis which have a
nuclear marker (Thiebaud, 1983) and transplanted into Xenopus laevis tadpole not having
nuclear marker. The result showed that when cultured adult myogenic cells derived from X.
borealis frog leg muscles were transferred into subcutaneous region near the X. laevis tadpole
tail muscles, they fused with preexisting tail muscles (larval type) and made heterokaryon
myotubes (Shimizu-Nishikawa et al., 2002). Conversely, isolated larval myogenic cells
(derived from tadpole tail) also made heterokaryon myotubes when they were transplanted
into tadpole dorsal muscle region. Furthermore, in vitro co-culture experiments showed that
isolated two types (larval and adult) of myogenic cells could fuse each other and form
heterokaryon myotubes at a random nuclear ratio (Figure 7).
Then, how do heterokaryon myotubes behave in response to T3 as to life-or-death fate? Is
life-or-death fate of heterokaryon myotubes variable depending on the nuclear ratio
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(adult/larval types) of the myotubes? To answer these questions, heterokaryon myotubes with
various nuclear ratios (adult/larval type) were made in vitro by co-culturing adult and larval
cells and the effect of T3 on the myotube-fate was examined (Shimizu-Nishikawa et al.,
2002). The result showed that, during 3-7 days in co-culture without T3, wide-range of nucleiratio (adult/larval nuclei) were observed in myotubes: the nuclear ratio showed a bell curvelike distribution. In contrast to the variety of nuclear ratio in myotubes cultured without T3,
myotubes with low value of adult/larval nuclei-ratio disappeared during 3-7 days in culture
with T3 and only those with high adult-nuclei ratio (>70%) could be survived. These results
suggested that myotubes which contain larval nuclei more than 30% will die but those having
relatively high ratio (more than 70%) of adult nuclei can survive and escape T3-mediated
death-fate. In this connection, it was examined by a TUNEL method whether larval nuclei in
heterokaryon myotubes having high adult nuclei-ratio are really rescued from apoptotic
DNA-fragmentation induced by T3. The result showed that myotubes with high larval nucleiratio became a regressed strange shape by apoptosis and nuclear DNA fragmentation
occurred. On the other hand, myotubes having high adult nuclei-ratio were protected from T3mediated death induction and no DNA fragmentation occurred at larval nuclei in the
myotubes. These results suggest that some factors which suppress cell death-signaling exist in
adult myogenic cells or are produced by direction from adult nuclei. Adding these factors into
preexisting larval myotubes by adult myoblasts fusions may change the larval myotube fate
from T3-induced death-fate. However, for changing a larval myotube death-fate into an adulttype life-fate, fusions of too many adult nuclei are thought to be required from the data of
nuclear-ratio analysis. For this reason, it is conceivable that occurrence of such fateconversion of larval myotubes is a very rare case in vivo.

Figure 7. Heterokaryon myotube formation in vitro by co-culturing with larval (X. borealis) and adult (X.
laevis) myogenic cells. Cells were fixed at 7th day of culture and stained with quinacrine. Nuclei with dotted
spots were derived from X. borealis cells. Nuclei of weak plain staining were derived from X. laevis cells.

In order to generate new adult-type myotubes during metamorphosis, many adult-type
myoblasts have to fuse each other to form myotubes with high (more than 70%) adult nucleiratio. Therefore, there might exist a specific mechanism by which the differentiation of adult
myoblasts is induced more strongly than that of larval myoblasts. To test this possibility (i.e.,
specific enhancement of adult muscle formation in dorsal muscle region during
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metamorphosis), it was examined, by co-culturing with adult and larval myogenic cells,
whether cell interaction between larval and adult myogenic cells is involved in regulation of
adult and larval myogenic cells differentiation (Shimizu-Nishikawa et al., 2002). When both
adult and larval myogenic cells were co-cultured at separated areas within the same culture
dish (“separated co-culture”), differentiation activity of adult cells at 3rd day was 1.5-fold
higher than that of adult cell-only cultures. On the other hand, in case of larval myogenic cells
there was no difference in differentiation activity of larval cells between co-cultures and
larval cell-only cultures. These data show that the enhancement of differentiation occurs only
in one-direction from larval cells to adult cells. And, because enhancement of adult cell
differentiation occurred without direct cell-cell interaction, it was suggested that adult cell
differentiation is enhanced by humoral factors from larval myogenic cells. Therefore, it was
expected that the same activity of differentiation enhancement exists in conditioned medium
(CM) of larval myogenic cells. Experiments using CM made from larval myogenic cells
(CM-L) showed that enhancement of adult myoblasts differentiation occurred in the presence
of CM-L. On the other hand, CM derived from adult myogenic cells had no promoting effect
on adult myogenic differentiation. Further analysis showed that CM-L had no effect on cell
growth, and accordingly it was suggested that CM-L affects directly on differentiation itself,
not through indirect effect of cell growth promotion.

Figure 8. A model for dual roles of larval myogenic cells during larval-to-adult muscle conversion in
Xenopus laevis. Before metamorphosis (low or no T3 level), larval myogenic cells promotes differentiation of
adult myogenic cells. On the other hand, larval myogenic cells are to die in high T3 level during
metamorphosis.
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The summary is as follows. Larval myogenic cells are to die in response to T3 during
metamorphosis. There may be a possibility that larval myogenic cells can be rescued from
their death-fate by their fusing with adult-type myotubes consisting of many adult-type
nuclei. However, the differentiation (fusion) activity of larval myogenic cells is suppressed by
high T3 concentration during metamorphosis and their cell death is also induced. Accordingly,
such fusions of larval myogenic cells into adult-type myotubes seem not to occur. On the
other hand, there may be a possibility that adult myogenic cells rescue larval-type myotubes
from their death-fate by fusing into larval-type myotubes. However, experimental data
indicated that it requires many (more than 70% of adult nuclei-ratio) fusions of adult
myoblasts. Therefore, this rescue is unlikely to happen in fact, and larval myotubes will die
before fusions of many adult cells into larval myotubes. Furthermore, experiments using cocultures showed that larval myogenic cells released a factor which promotes adult myoblast
differentiation (or fusion) so that adult-type myogenesis is specifically promoted during
metamorphosis (Figure 8). This result means that larval myogenic cells are to die but help
enhance adult muscle differentiation before dying. This is thought to be an intriguing example
of “unselfish death”. The two important roles of larval myogenic cells during metamorphosis
are schematically drawn in Figure 8.
As described above, it was found that there exist important interactions between two
types of myogenic cells. Other than these (myogenic cells) interactions, there may be
different kind of cell interaction between myogenic cells and non-myogenic cells in order to
promote adult muscle formation during metamorphosis. The following sub-sections (2.4 and
2.5) describe the studies about cell interaction between myogenic cells (larval and adult
muscle stem cells) and non-myogenic cells (notochord and spinal cord cells which located in
the vicinity of tadpole axial muscles)(Yamane et al., 2011, Yamane and Nishikawa, 2013).

2.4. Regulation of Suppression and Promotion of Adult Myogenesis by Cell
Interaction between Myogenic Cells and Non-Myogenic Cells (Notochord
and Spinal Cord Cells)
It was found by two-step cell separation analysis that there exist adult-type myogenic
cells not only in dorsal muscles but also in tail muscles (Shimizu-Nishikawa et al., 2002).
However, these tail myogenic cells do not make adult muscle in vivo. Then, what factors
regulate the fate of these cells (i.e., growth, differentiation and death) in the tail? In order to
get insight into this question, Yamane et al. (2011) focused on studying the notochord and
spinal cord cells, because both tissues are known to regulate axial muscle differentiation
(Munsterberg and Lassar, 1995; Stern and Hauschka, 1995; Blagden et al., 1997). At first,
Yamane et al. (2011) made tadpole cross sections and stained them with hematoxilin and
eosin. Using these stained samples, the cross-sectional areas of the spinal cord (SC) and
notochord (Nc) were measured and compared between trunk (dorsal muscle) and tail regions.
The result showed that the SC/Nc ratio in trunk region was around 1.3–0.5 but that in tail
region was reduced to one fifteenth (below 0.065). This big difference is due to the fact that
spinal cord diameter in the tail region is much smaller than that in trunk region. This fact
suggests a hypothesis that “spinal cord cells promote adult muscle formation in dorsal muscle
region during metamorphosis but notochord cells suppress that in tail region”. This
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hypothesis was tested by co-culture experiments using isolated notochord cells (or spinal cord
cells) and myogenic stem cells (larval and adult types) (Yamane et al., 2011). The cells
dissociated from tail notochord were relatively large (20-40 μm) and showed epithelial
morphology in culture condition. These cells expressed sonic hedgehog (Shh) proteins, and
therefore these cells were considered as notochord cells (Nc-cells). On the other hand, cells
isolated by the same method from spinal cords (i.e., SC cells) were smaller (8 -12 μm) and
heterogeneous. Some of these cells expressed glial cell marker, GFAP (glial fibrillary acidic
protein), and other cells express neuronal cell marker, NF200 (neurofilament 200) and had
thin rod-like protrusions. Therefore, SC cells were found to contain both glial cells and
neuronal cells.
By co-culturing of myogenic stem cells (larval and adult types) with non-myogenic cells
(Nc- or SC-cells), it was examined how myogenic activities of each types are affected by the
presence of Nc- or SC-cells. The result showed, expectedly, that the differentiation of adult
myogenic cells (into myotubes) was strongly suppressed when they (adult myogenic cells)
were co-cultured with Nc-cells.
On the other hand, myotube formation of larval myogenic cells was not affected by coculturing with Nc-cells. Thus, the differentiation suppression by Nc-cells was specific to adult
myogenic cells. In contrast to the Nc-effect, co-culturing of adult myogenic cells with SCcells promoted (or enhanced) their differentiation into myotubes. This effect (promotion of
myogenesis) was also adult myogenic cell-specific and SC-cells did not enhance larval cell
differentiation. These results were summarized in schematic illustration (Figure 9).

Figure 9. Summary of the effect of non-myogenic cells, i.e. notochord (Nc) and spinal cord (SC), on
differentiation of larval (La) and adult (Ad) myogenic cells.

Very interestingly, “Nc-suppression” (i.e., suppression of myotube differentiation by Nccells) occurred only under the condition where Nc-cells could contact directly to adult
myogenic cells. Because, if adult myogenic and Nc-cells were co-cultured in two separated
areas in the same culture dish (“separated co-culture”), the differentiation activity of adult
myogenic cells was not suppressed but enhanced to 2.5-fold of control activity. Also in
separated co-cultures with adult myogenic cells and “intact notochord tissue” (no direct
contact), differentiation of adult myogenic cells was enhanced two-fold. Therefore, it is
conceivable that Nc-cells have two important roles in adult myogenic cell differentiation, one
is a short-range suppression based on direct cell interaction and another is a long-range
promotion for adult myotube formation. It is highly possible that, when only direct cell
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interaction was blocked in co-culture systems, the “Nc-suppression”, which is a direct
interaction-dependent process, disappears and instead the "Nc-promotion" expresses its longdistance effect.
Then, what molecules and signaling are involved in “Nc-suppression” and “SCpromotion” of adult-specific muscle differentiation? In connection with this question, it was
examined whether addition of cyclopamine, one of the inhibitors of sonic hedgehog (Shh)
which is known as a potent regulator of early embryonic muscle differentiation (Blagden,
1997), into adult or larval cell cultures affects their differentiation activities (Yamane et al.,
2011). The results showed that cyclopamine suppressed the differentiation of adult myogenic
cells but not that of larval myogenic cells. Since differentiated myotubes and myoblasts in
adult cell cultures really expressed Shh proteins (Yamane et al., 2011), it was suggested that
adult-type myogenesis is promoted by Shh-signaling through its auto-regulation mechanism.
On the other hand, Shh was found to be expressed in tadpole notochord and spinal cord, and
Western analysis using anti-Shh antibody (H160), which reacts with Shh N-terminal portion,
showed that the size of H160-reactive molecules in notochord was 22 kDa (Yamane et al.,
2011). These results suggested that Shh expressed in notochord is processed into an active
form (N-Shh fragment). Therefore, it is highly possible that Shh active-form molecules are
released from notochord and spinal cord, and positively regulate adult-specific muscle
differentiation.
The molecular mechanism of “Nc-suppression” of adult myogenesis has not been
clarified. However, as described in following sub-section 2.5, it was found that the notochord
cells suppressed the adult myogenic cell-specific up-regulation of myf5 and myogenic cell
proliferation during early period of co-culture. This phenomenon seems to be involved in the
“adult-specific” effect of “Nc-suppression” of muscle differentiation (Yamane and
Nishikawa, 2013).

2.5. Notochord Cells Suppress Adult-Specific Myogenesis through
Suppression of myf5 Up-Regulation
It was found that there are significant differences in cell growth, differentiation timing
and T3-mediated death-or-life fate between larval and adult myogenic cells. Then, is there any
obvious difference in expression of myogenic regulatory genes between the two types? In
relation to this, Yamane and Nishikawa (2013) at first analyzed using RT-PCR the gene
expression profiles of four myogenic regulatory factor (MRF) genes (myf5, myod, myogenin
and mrf4) in limb bud and tail muscle regions throughout metamorphosis. The result showed
that sequential up-regulation of myf5, myogenin, myod, and mrf4 in limb buds during stage
50-54, when limb buds elongate and myotubes start to form. Expressions of myf5 and
myogenin were down-regulated during metamorphic climax stage (the time when tail tissues
start to degenerate) but those of myod and mrf4 were kept at relatively high levels during the
same period (Yamane and Nishikawa, 2013). These results suggested that sequential upregulation of MRF genes starting from myf5 increase is specific for new adult myogenesis,
and these changes were thought to be related to initiation of adult myogenic cell proliferation
and succeeding myotube formation in the limb bud. On the other hand, there was no such
MRF up-regulation in the tail muscle region during the same period, and the expressions of
myf5, myogenin and mrf4 were down-regulated during metamorphic climax stage. These
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changes in MRF gene expression in vivo were schematically summarized in Figure 10.
Furthermore, in case of limb buds, up-regulation of pax7 (muscle stem cell marker) was also
seen at stage 50-54 (Yamane and Nishikawa, 2013). This increase was thought to be involved
in satellite cell activation for new initiation of adult myogenesis in limb bud.

Figure 10. Schematic drawing of myogenic gene expression patterns in hindlimbs (A) and tails (B). Prometamorphic stages are enclosed by dotted squares. An arrow indicates the up-regulation of myf5 expression
during stage 50-52 in hindlimb (A). Triangles (▽, ▼) show the down-regulation of myf5 and myogenin
expression at stage 58 in the tail.

Figure 11. Schematic drawing of in vitro expression patterns of myogenesis-related genes in adult (A) and
larval (B) myogenic cells of X. laevis, which was summarized from qPCR analysis.

This feature of up-regulation was also duplicated in vitro (Yamane and Nishikawa, 2013).
Adult myogenic cells up-regulated the expressions of myf5, myod, and pax7 during early
culture period (day 1-3), then increased myogenin expression and started myotube-formation.
Expressions of myf5 and pax7 decreased 3-5 days after up-regulation. On the other hand, in
case of larval myogenic cell, up-regulation of myf5 was not seen, and the expression level of
myogenin was relatively high from the beginning in culture. Furthermore, increase of mrf4
occurred during day 1-3. These results are possibly involved in the fact that larval myogenic
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cells start myotube differentiation from the early culture period (Figure 5 B). These changes
in MRF gene expression in vitro were schematically summarized in Figure 11.
Collectively, it was suggested that myf5 up-regulation was involved in the initiation of
adult myogenesis, and thereby adult myogenic cells can proliferate and transit into myotubedifferentiation steps. Then, does “Nc-suppression” of adult muscle differentiation occur
through inhibiting up-regulation of myf5 (i.e., early phase of myogenesis) in adult myogenic
cells co-cultured with notochord cells? Or, does Nc-cells suppress differentiation through
inhibiting a step(s), e.g., a myoblast fusion step, occurring later than myf5 up-regulation? As
to these questions, the analysis using co-culture system (Yamane and Nishikawa, 2013)
showed that Nc-cells did not affect the myf5 expression of larval myogenic cells but strongly
inhibited that of adult cells up to 5% of control (adult cell-only culture) value. Furthermore,
growth activity of adult myogenic cells during early culture period was decreased to 1/3 of
control value by co-culturing of adult myogenic cells with notochord cells: The "populationdoubling time (PDT)" of adult cells during day 1-3 became 3-fold by the presence of
notochord cells, whereas the PDT during day 3-6 was not affected. Therefore, it was
suggested that notochord cells suppress adult myogenesis through blocking the transition
from Myf5- stem cells to Myf5+ committed myoblasts, and subsequently decrease the
myoblast growth activity.
Cellular and molecular mechanism for short-distance interaction between adult myogenic
stem cells and notochord cells remains as an important problem to be solved.

2.6. Summary
Establishment of cell culture techniques of both (larval and adult) types of myogenic cells
from X. laevis has enabled the analyses on cell growth, differentiation and hormonal
responses of both types of cells (Shilbota et al. 2000). Using these cell culture systems, it was
found that there are significant differences in cell growth activity, differentiation (timing of
initiation) and T3-responses (cell growth, differentiation and death-or-life fate) between larval
and adult myogenic cells. Further study using cell separation techniques (Percoll densitygradient centrifugation and albumin unit-gravity sedimentation) showed that during Xenopus
laevis metamorphosis, there exist two types of myogenic stem cells (i.e., larval and adult
types) each having different properties in dorsal muscles, and the presence of these two types
contributes to larval-to-adult dorsal muscle conversion in anuran amphibian (ShimizuNishikawa et al., 2002).
On the other hand, both cell types (larval and adult cells) had the same feature, i.e., cell
fusion ability, and therefore each myogenic cells could fuse themselves and make
multinucleated myotubes in vitro. Furthermore, co-cultures with both types of myogenic cells
enabled the formation of heterokaryon myotubes consisting of larval and adult myogenic
nuclei. Analysis using heterokaryon myotubes with nuclear marker system revealed that
death-or-life fate of heterokaryon myotubes was determined by the ratio of nuclei types, and
that adult nuclei-abundant (more than 70%) situation could rescue the heterokaryon myotubes
from their programmed death induced by T3. From these studies, it was suggested that the
molecules which regulate death-or-life of myotubes are differently expressed in each larval
(death-fate) and adult (life-fate) myoblasts, and adult myoblasts contain some factors (a kind
of survival factor) which counteract the action of cell death. Further analysis of these survival

Xenopus As Model Animals for Studying Larval …

143

factors will be needed for understanding the mechanism of determination of death-or-life fate
of myotubes.
Interestingly, analysis using co-cultures with two types of myogenic cells (adult and
larval types) revealed that larval myogenic cells have not only a death fate but also an
altruistic function (enhancement of differentiation of adult type myoblasts). Furthermore,
analysis using co-cultures with myogenic cells and non-myogenic cells (notochord cells and
spinal cord cells) revealed that notochord cells suppress differentiation of adult myogenic
cells (“Nc-suppression”) and spinal cord cells reversely enhance it (“SC-promotion”)
(Yamane et al., 2011). It was conceivable that these two cell-interactions contribute to
suppression (at tail region) and promotion (at dorsal muscle region) of adult muscle
differentiation during metamorphosis.
Although differential T3 responses between larval and adult myogenic cells are thought to
be a kind of cell-specific markers of each cell type, real molecular markers have not yet been
found. On the other hand, analysis of MRF (myogenic regulatory factors) gene expression
revealed the myf5 activation specific for adult myogenic cells and suggested the difference in
stemness state between larval and adult myogenic cells (Yamane and Nishikawa, 2013).
Therefore, it would be important to analyze the stem cell-markers (such as pax7 and Sca-1)
and markers for asymmetric cell division (e.g., Par-3 and PKCλ) (Troy et al., 2012) for
further molecular understanding of larval-to-adult muscle conversion during X. laevis
metamorphosis.
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