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ABSTRACT In the amphibian intestine during meta-
morphosis, de novo stem cells generate the adult epithe-
lium analogous to the mammalian counterpart. Inter-
estingly, to date the exact origin of these stem cells
remains to be determined, making intestinal metamor-
phosis a unique model to study development of adult
organ-specific stem cells. Here, to determine their
origin, we made use of transgenic Xenopus tadpoles
expressing green fluorescent protein (GFP) for recom-
binant organ cultures. The larval epithelium separated
from the wild-type (Wt) or GFP transgenic (Tg) intes-
tine before metamorphic climax was recombined with
homologous and heterologous nonepithelial tissues
and was cultivated in the presence of thyroid hormone,
the causative agent of metamorphosis. In all kinds of
recombinant intestine, adult progenitor cells express-
ing markers for intestinal stem cells such as sonic
hedgehog became detectable and then differentiated
into the adult epithelium expressing intestinal fatty acid
binding-protein, a marker for absorptive cells. Notably,
whenever the epithelium was derived from Tg intestine,
both the adult progenitor/stem cells and their differ-
entiated cells expressed GFP, whereas neither of them
expressed GFP in the Wt-derived epithelium. Our
results provide direct evidence that stem cells that
generate the adult intestinal epithelium originate from
the larval epithelium, through thyroid hormone-in-
duced dedifferentiation.—Ishizuya-Oka, A., Hasebe,
T., Buchholz, D. R., Kajita, M., Fu, L., Shi, Y.-B. The
origin of the adult intestinal stem cells induced by
thyroid hormone in Xenopus laevis. FASEB J. 23,
2568–2575 (2009)
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Organ-specific adult stem cells are critical for the
homeostasis of adult organs and organ regeneration.
The stem cells for most mammalian organs are devel-
oped during embryogenesis when the embryo/fetus is
enclosed in the uterus, making it difficult to investigate
the origins of the stem cells and the mechanisms of
their development. Amphibian metamorphosis shares
many similarities with postembryonic development in

mammals, a period encompassing a few months before
and several months after birth in humans when many
organs grow and mature (1, 2). Metamorphic organ
remodeling thus serves as a unique model to study
adult organ development. During amphibian metamor-
phosis, the digestive tract is remodeled extensively from
the larval to the adult form for the adaptation from the
aquatic herbivorous to terrestrial carnivorous life. The
intestine, which has a long but simple structure with
only a single fold, the “typhlosole” throughout the
larval period (3), shortens and forms multiple intestinal
folds during metamorphosis (4). The adult epithelium
after metamorphosis has a cell renewal system along
the trough-crest axis of intestinal folds (5), which
mimics the mammalian crypt-villus axis (6, 7): the
epithelial cells proliferate in the trough of intestinal
folds, gradually differentiate as they migrate toward the
tip of the intestinal folds into all cell types seen in the
mammalian intestinal epithelium except for Paneth
cells, that is, major absorptive cells expressing intestinal
fatty acid-binding protein (IFABP) (8, 9), goblet cells,
and enteroendocrine cells (10), and finally undergo
apoptosis at their tip (11). These observations predict
that multipotent stem cells reside in the adult epithe-
lium of the amphibian intestine, just as in the mamma-
lian one. However, the developmental origin of intesti-
nal stem cells has not yet been determined for any
vertebrate.

In the Xenopus laevis intestine before metamorphosis,
all of the epithelial cells are differentiated cells includ-
ing larval-type absorptive cells different from adult cells
after metamorphosis, and morphologically undifferen-
tiated cells are not detected by either light or electron
microscopy (3). During metamorphosis, undifferenti-
ated cells become detectable at stage 60 (the start of
metamorphic climax) (12) as small islets between the
larval epithelium and connective tissue. They are
stained strongly red with pyronin Y, actively proliferate,
and finally differentiate into the secondary (adult)
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epithelium (4, 5, 13). On the other hand, all of the
larval-proper epithelial cells undergo apoptosis on and
after stage 60 and are gradually replaced by the adult
epithelial cells (11). These chronological observations
indicate that the undifferentiated cells appearing at
stage 60 in the X. laevis intestine are progenitor cells of
the adult epithelium and thus include stem cells. In
addition, we recently found that such undifferentiated
cells express sonic hedgehog (Shh) (14, 15), Musashi-1
(Msi-1) (16), a phosphorylated form of phosphatase
and tensin homolog (PTEN), and Akt (17), all of which
are also expressed only in stem cells and their immediate
descendants in the mammalian adult intestine and are
candidate markers for stem cells of the intestinal epithe-
lium (18–21). Therefore, in the X. laevis intestine, the
stem cells analogous to those in the mammalian adult
intestine become morphologically and immunohisto-
chemically detectable at the start of metamorphic climax.
Because amphibian metamorphosis can be easily manip-
ulated with a single hormone, the thyroid hormone (TH)
(2, 22, 23), intestinal remodeling offers an unique oppor-
tunity to study the origin and mechanisms of organ-
specific adult stem cell development in a vertebrate, a
poorly understood question with important implications
in stem cell biology and tissue replacement/regeneration
therapy.

We have shown previously, by using the organ culture
system we established, that TH can organ-autono-
mously induce the development of the adult epithe-
lium in intestine isolated from X. laevis tadpoles at stage
57 (24). Thus, the stem cells of the adult epithelium
originate from cells present in the tadpole intestine at
stage 57 but not from other organs in the animal. One
possibility is that the stem cells come from the differ-
entiated larval epithelial cells. Although some previous
chronological observations are consistent with this sce-
nario (3, 25, 26), there has been no direct evidence to
support it, mainly because of the lack of adequate
experimental tools. In addition, recent studies showed
that during organ regeneration in the mammalian
intestine, bone marrow-derived stem cells can migrate
and differentiate into various tissues including the
epithelium of the small intestine (27, 28), raising the
possibility of nonepithelial cells giving rise to the stem
cells. In the X. laevis intestine during the early period of
metamorphic climax, leukocytes such as macrophages
often migrate from the connective tissue into the larval
epithelium through the modified basal lamina (5),
which may be remodeled by the TH up-regulated
matrix metalloproteinases (29). These studies suggest
that the adult stem cells arise either from differentiated
larval epithelial cells through dedifferentiation or from
cells present in the intestinal connective tissue at stage
57 that migrate into the larval epithelium during stages
58 to 60.

In the present study, to definitively determine the
origin of the stem cells of the adult epithelium in the X.
laevis intestine, we made use of transgenic (Tg) tad-
poles constitutively expressing green fluorescent pro-
tein (GFP) for recombinant organ cultures we estab-

lished previously (30). Here, we provide the first
experimental evidence to demonstrate that TH-in-
duced stem cells originate from some of the larval
epithelial cells in tadpole intestine at stage 57 and form
the adult intestinal epithelium.

MATERIALS AND METHODS

Animals and tissue preparation

Adult South African clawed frogs (X. laevis) were purchased
from a commercial source. To generate Tg frogs expressing
GFP, transgenesis was carried out using the restriction en-
zyme-mediated integration method (31, 32), and !10 tad-
poles with strong GFP expression in the body were reared to
adulthood. Tadpoles in the F1 generation were used in these
experiments. The transgenesis vector, pDPCG, is a double pro-
moter construct containing the ubiquitous cytomegalovirus pro-
moter driving enhanced GFP (EGFP) throughout the body and a
crystallin promoter driving GFP3 in the lens of the eye. pDPCG was
derived from pCS2" (a gift from Dave Turner, University of
Michigan, Ann Arbor, MI, USA) by 1) PCR cloning in the
#-globin 5$- and 3$-untranslated regions (UTRs) from pT7Ts
(a gift from Gert Jan C. Veenstra, University of Nijmegen,
Nijmegen, The Netherlands) into the BamHI and XhoI sites,
2) cloning in EGFP from pCGCG (33) between the 5$- and
3$-UTRs at the AgeI and EcoRI sites, and 3) PCR cloning in a
crystallin:GFP3 fragment from the clone 5$% 320& Crys/GFP3
(34) into the Asp718 and BssHII sites. All PCR-cloned regions
were sequence verified. Wild-type (Wt) and Tg tadpoles at
stage 57, when the small intestine is the longest during the
larval period, were used throughout the experiments.

Organ culture

Tubular fragments were isolated from the anterior part of the
small intestine just behind the bile duct junction and split
open lengthwise with fine forceps. Some of them were treated
with 1000 U/ml dispase (Godo, Tokyo, Japan) to separate the
epithelium (Ep) from nonepithelial tissues (non-Ep), which
consist mainly of the connective tissue and muscles. Each Ep
was then recombined with homologous and heterologous
non-Ep as shown in Fig. 1. Intact and recombinant intestine
were cultured as described previously (24, 30). In brief, they
were placed on membrane filters (Millipore, Bedford, MA,
USA) on stainless steel grids in culture dishes and cultured in
60% Leibovitz-15 medium (Invitrogen, Carlsbad, CA, USA)
supplemented with 100 IU/ml penicillin, 100 'g/ml strepto-
mycin, and 10% charcoal-treated FBS (Invitrogen) (CTS
medium). To induce the intestinal remodeling, triiodothyro-
nine, insulin, and hydrocortisone (Sigma-Aldrich Corp., St.
Louis, MO, USA) were added to CTS medium at 20 nM, 5
'g/ml, and 0.5 'g/ml, respectively. The culture medium was
changed every other day for 7 d at 26°C.

Immunohistochemical analysis for GFP, Shh, Msi-1,
proliferating cell nuclear antigen (PCNA), and IFABP

Intact and recombinant intestine cultured in vitro were fixed
with 95% ethanol at 4°C for 4 h, embedded in paraffin, and
cut at 5 'm. To identify cells derived from Tg intestine, some
sections were incubated with the mouse anti-GFP antibody
(diluted 1:100; MBL; Nagoya, Aichi, Japan) at room temper-
ature for 1 h. They were then incubated with Alexa Fluor
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568-conjugated anti-rabbit IgG (1:500; Molecular Probes,
Eugene, OR, USA) or with peroxidase-labeled streptavidin
(Nichirei, Tokyo, Japan) followed by 0.02% 3,3$-diaminoben-
zidine-4-hydrochloride (DAB) and 0.006% H2O2. Other sec-
tions were incubated with the following antibodies at room
temperature for 1 h: the mouse anti-PCNA antibody (1:100;
Novacastra, Newcastle, UK) for proliferating cells, the rabbit
anti-Shh antibody (1:500) (14), and the rabbit anti-Msi-1
antibody (1:50; Abcam, Cambridge, MA, USA) for adult
progenitor cells and the rabbit anti-IFABP antibody (1:500)
(9) for differentiated absorptive cells. They were then visual-
ized by sequential incubation with streptavidin-biotin-peroxi-
dase complex and DAB/H2O2 as described above. There was
no positive staining when the same concentration of preim-
mune serum was applied as the specificity control (data not
shown). In addition, some sections adjacent to the ones used
for immunohistochemical analysis were stained with methyl
green-pyronin Y (Muto, Tokyo, Japan) for 5 min to distin-
guish conventionally the adult progenitor cells from the
degenerating larval epithelium during the larval-to-adult
intestinal remodeling. Here, the adult progenitor cells are
stained red intensely because of their RNA-rich cytoplasm,
whereas the larval epithelial cells undergoing apoptosis are
stained much weaker both in vivo and in organ cultures
(11, 35).

Finally, to examine the relations of Shh immunoreactivity
with cell proliferation and GFP immunoreactivity, some sec-
tions were double-immunostained at room temperature for
1 h with mixtures of the anti-Shh and anti-PCNA antibodies
and of the anti-Shh and anti-GFP antibodies, respectively.
Similarly, to examine the relation between IFABP and GFP
immunoreactivities, some other sections were double-immu-
nostained at room temperature for 1 h with a mixture of the
anti-IFABP and anti-GFP antibodies. They were then incu-
bated with a mixture of Alexa Fluor 568-conjugated anti-
rabbit IgG (1:500; Molecular Probes) and Alexa Fluor 488-
conjugated anti-mouse IgG (1:500; Molecular Probes) and
analyzed by fluorescence microscopy.

RESULTS

GFP is only expressed in tissue derived from Tg
intestine in organ cultures

The larval intestine of Tg tadpoles consists of a single
layer of the larval epithelium, the immature connective
tissue that is very thin except in the typhlosole, and thin
inner and outer muscles, just as in the Wt tadpole
intestine (5). To check whether the larval intestine
isolated from stage 57-Tg tadpoles expresses GFP in
vitro during larval-to-adult intestinal remodeling, we
cultured isolated Tg intestine in the presence of TH
and immunohistochemically examined their GFP ex-
pression. In all of the tissues in the intact Tg intestine,
GFP immunoreactivity was detectable throughout the
cultivation, although its intensity varied somewhat in
different cell types (Fig. 2A). In contrast, GFP was not
detected in any cells of intact Wt intestine cultured in
vitro except for nonspecific staining of lysosome-like
granules in macrophages and/or dying larval epithelial
cells (Fig. 2B).

In recombinant intestine made of Tg Ep and Tg
non-Ep (Tg/Tg), both Ep and non-Ep expressed GFP
throughout the cultivation (Fig. 2C). In contrast, in
recombinant intestine of Wt Ep and Wt non-Ep (Wt/
Wt), neither Ep nor non-Ep expressed GFP except for
the nonspecific staining of the lysosome-like granules
(Fig. 2D). In recombinant intestine made of Tg Ep and
Wt non-Ep (Tg/Wt), GFP expression was localized in
Ep but not in non-Ep, although the intensity of GFP
immunoreactivity was weak in some of the degenerat-

Figure 2. GFP expression is preserved in tissues derived from
Tg tadpoles in recombinant organ cultures for 5 d. Cross
sections were stained with anti-GFP antibody for immunoflu-
orescent detection. A, B) Intact Tg (A) and Wt intestine (B)
after cultivation. C–F) Recombinant intestine made of Tg Ep
and Tg non-Ep (Tg/Tg; C), Wt Ep and Wt non-Ep (Wt/Wt;
D), Tg Ep and Wt non-Ep (Tg/Wt; E), and Wt Ep and Tg
non-Ep (Wt/Tg; F). GFP is expressed in Tg tissues but not in
Wt tissues in all organ cultures. MF, membrane filter. Scale
bars ( 20 'm.

Figure 1. Schematic diagram for tissue recombination and
organ culture of the X. laevis intestine. Tubular fragments
were isolated from the small intestine just behind the bile
duct junction (bd) of Tg and Wt tadpoles at stage 57, slit open
lengthwise, and separated into Ep and non-Ep. Each Ep was
then recombined with homologous and heterologous non-
Ep. The four kinds of recombinant intestine were placed on
membrane filters (MF) on grids and cultured in the medium.
*Type of Ep/type of non-Ep.
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ing epithelial cells (Fig. 2E). On the other hand, in
recombinant intestine made of Wt Ep and Tg non-Ep
(Wt/Tg), it was localized in non-Ep but not in Ep (Fig.
2F). These results indicate that both Ep and non-Ep
derived from Tg intestine retain their expression of
GFP in vitro, whereas those derived from Wt intestine
never express GFP, independent of tissues with which
they are recombined.

TH induces adult epithelial development in Tg
intestine as in Wt intestine

To confirm whether the adult epithelial development
occurs in the Tg intestine as well as in the Wt intestine,
we first chronologically observed intact intestine iso-
lated from stage 57-Tg tadpoles and cultured in the
presence of TH. Intact Tg intestine, which expressed
GFP (Fig. 3A), became globular in shape with the
epithelium outside and the connective tissue and mus-
cles inside by d 5. The progenitor cells of the adult
epithelium were detectable on d 5 as small islets stained
red with pyronin Y between the larval epithelium and
the connective tissue (Fig. 3B). These islet cells were
positive for Shh (Fig. 3C) and Msi-1 (Fig. 3D), both of
which are shown to be markers for adult progenitor
cells in the metamorphosing intestine (14–16). The
intensity of immunoreactivity for Shh in the adult
progenitor cells was stronger than that for Msi-1. The
progenitor cells actively proliferated (Fig. 3E) and then,
on d 7, differentiated into the simple columnar epithe-
lium expressing IFABP, a marker for differentiated
intestinal absorptive cells (Fig. 3F), but not Shh (Fig.
3G) and Msi-1 (Fig. 3H) any more. On the other hand,
the larval epithelial cells, which undergo apoptosis on
and after d 3 (35), were negative for Shh (Fig. 3C) and
Msi-1 on d 5 (Fig. 3D) and were completely replaced by
the adult epithelium on d 7. These chronological
changes in the adult epithelium of intact Tg intestine
are the same as those of Wt intestine reported previ-
ously (9, 14, 16).

GFP expression of adult progenitor cells and
differentiated cells in recombinant intestine

To determine the origin of the adult stem cells, we then
performed tissue recombination experiments by using
Tg and Wt intestine. Although recombinant intestine
undergoes the same TH-induced changes as in vivo or
intact intestine, there are fewer epithelial cells in the
recombinant organ cultures compared with those in
the cultures of intact intestine throughout the cultiva-
tion, probably because some of the epithelial cells
degenerate when they are separated from the connec-
tive tissue and/or when they fail to properly contact the
connective tissue after recombination. The height of
the epithelium in the recombinant intestine is thus
lower than that in the intact intestine because of the
smaller cell number (24, 30). Nevertheless, in the
recombinant intestine made of tissues from Tg tad-
poles, the adult progenitor cells expressing Shh (Fig.

3I) and Msi-1 (Fig. 3J) became detectable on d 5 just as
in the intact Tg intestine. Then, on d 7, some of the
epithelial cells began to express IFABP (Fig. 3K),
although some others remained negative for IFABP,
typical of such in vitro induced intestinal remodeling.

To determine whether the adult progenitor cells
originate from the larval epithelium or the other tissues
of the tadpole intestine at stage 57, we immunohisto-
chemically examined GFP expression of the adult pro-
genitor cells in each combination of recombinant in-
testine cultured for 5 d. Because the intensity of
immunoreactivity for Shh (Fig. 3I) in the progenitor
cells was stronger than that for Msi-1 (Fig. 3J), we used
Shh as a marker to detect the adult progenitor cells in
the recombinant intestine. Double immunofluores-

Figure 3. Development of adult intestinal epithelium in intact
Tg (A–H) and recombinant intestine (I–K) cultured in vitro.
Cross sections were immunostained with anti-GFP (A), anti-
Shh (C, G, I), anti-Msi-1 (D, H, J), and anti-IFABP (F, K)
antibodies, stained with methyl green-pyronin Y (B) or dou-
ble-stained with anti-Shh (red) and PCNA (green) antibodies
(E). In intact Tg intestine positive for GFP (A), adult progen-
itor cells become detectable on d 5 as small islets (arrow-
heads) stained red with pyronin Y between the larval epithe-
lium (LE) and the connective tissue (CT) (B) and are positive
for Shh (C) and Msi-1 (D). They proliferate (E) and then, on
d 7, differentiate into the adult epithelium (AE) positive for
IFABP (F), but negative for Shh (G) and Msi-1 (H). In any
recombinant intestine, cells positive for Shh (I) and Msi-1 (J)
are also detectable on d 5, although the intensity of Msi-1
immunoreactivity is weaker than that of Shh. Then, on d 7,
the simple squamous epithelium positive for IFABP is also
identified, indicative of the formation of differentiated epi-
thelial cells (K). MF, membrane filter. Scale bars ( 20 'm.
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cence labeling with anti-Shh and anti-GFP antibodies
showed that the adult progenitor cells positive for Shh
always expressed GFP in Tg/Tg (Fig. 4A) and Tg/Wt
intestine (Fig. 4C; Table 1). In contrast, the adult
progenitor cells positive for Shh never expressed GFP
in the recombinant intestine when the Ep was derived
from Wt animals, independent of the origin of the
non-Ep (Fig. 4B, D; Table 1). In Wt/Tg intestine,
although cells positive for GFP were rarely observed in
the epithelial region, such GFP-positive cells never
expressed Shh.

It is expected that the adult epithelium is formed by
the differentiation of the proliferating adult progeni-
tor/stem cells. To investigate whether the Shh-positive
adult progenitor cells above give rise to the differenti-
ated adult epithelial cells, double immunofluorescence
labeling with anti-IFABP and anti-GFP antibodies was
carried out on the recombinant intestine after cultur-
ing for 7 d in the presence of TH. The results showed
that the differentiated adult cells positive for IFABP
always expressed GFP in Tg/Tg (Fig. 5A) or Tg/Wt
intestine (Fig. 5C; Table 1). In contrast, the differenti-
ated adult cells positive for IFABP never expressed GFP
in Wt/Wt (Fig. 5B) and Wt/Tg intestine (Fig. 5D; Table
1). Thus, the adult stem cells and differentiated epithe-
lial cells expressed GFP whenever the epithelium in the
recombinant organ culture was derived from Tg ani-
mals but not whenever the epithelium was derived from
the Wt animals, indicating that both the adult stem cells
and differentiated epithelial cells are derived from the
epithelium of stage 57 tadpoles.

DISCUSSION

The larval-to-adult epithelial remodeling in the X. laevis
intestine has been well studied at the cellular level by
light and electron microscopy (5, 13). The total depen-
dence of this process on TH and the apparent de novo
development of adult epithelial stem cells make this a
unique and highly valuable model system to study the
mechanism underlying the development of tissue-spe-
cific adult stem cells. Thus, it is not surprising that the
origin of progenitor cells of the adult epithelium has
attracted considerable interest from the standpoint of
the stem cell biology. However, so far it has eluded

experimental determination, mainly because of the
difficulty of identifying and monitoring adult progeni-
tor cells. Here by making use of Tg tadpoles constitu-
tively expressing GFP for recombinant organ culture
experiments, we have provided, for the first time,
definitive evidence that the origin of the progenitor/
stem cells as well as that of the finally differentiated
adult epithelial cell of the frog intestine is the premeta-
morphic tadpole intestinal epithelium.

Our recombination experiments with Tg and Wt
intestine indicated that both the adult progenitor cells
and the differentiated adult absorptive cells express
GFP when the epithelium is derived from Tg intestine
but never express GFP when the epithelium is derived
from Wt intestine. This finding, together with the
spatial and temporal appearance of the progenitor and
differentiated epithelial cells in the organ cultures,
indicate that the adult progenitor/stem cells are de-
rived from the larval epithelial cells at latest by stage 57
(before metamorphic climax) and subsequently differ-
entiate into absorptive epithelial cells of the frog intes-
tine. Although we cannot completely eliminate the
possibility that some adult epithelial cells might be
derived from cells outside of the tadpole epithelium
but migrated into the epithelial layer, our failure to
detect any GFP-positive adult epithelial cells when the
epithelium in the recombinant organ cultures was
derived from Wt animals indicates that such non-
epithelium-derived adult progenitor cells, if they exist,
are very few.

Among other amphibian organs that undergo larval-
to-adult remodeling during metamorphosis, the skin is

Figure 4. Analysis of GFP and Shh expression in
recombinant intestine cultured for 5 d reveals
that adult epithelial stem cells are derived from
the tadpole epithelium. Cross-sections were
double-stained with anti-GFP (I; green) and
anti-Shh (II; red) antibodies. Column III panels
represent the merged images of panels I and II.
Recombinant intestinal sections include those
made of Tg Ep and Tg non-Ep (Tg/Tg; A), Wt
Ep and Wt non-Ep (Wt/Wt; B), Tg Ep and Wt
non-Ep (Tg/Wt; C), and Wt Ep and Tg non-Ep
(Wt/Tg; D). Adult progenitor cells positive for
Shh (arrowheads) express GFP in Tg/Tg (A)
and Tg/Wt intestine (C) but not in Wt/Wt (B)
and Wt/Tg intestine (D). Scale bars ( 10 'm.

TABLE 1. GFP expression of adult progenitor cells and
absorptive cells in recombinant intestine in vitro

Cell type

Recombinant intestinea

Tg/Tg Wt/Wt Tg/Wt Wt/Tg

Adult progenitor cellsb 7/7 0/4 7/7 0/9
Adult absorptive cellsc 5/5 0/6 7/7 0/5

a Type of Ep/type of non-Ep. b Intestine samples in organ cul-
tures possessing adult progenitor cells double positive for Shh and
GFP/total samples after 5 d in culture. cIntestine samples in organ
cultures possessing adult absorptive cells double positive for IFABP
and GFP/total samples after 7 d in culture.
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the only one whose adult progenitor cells have been
identified in the larval tissue (36, 37). In the X. laevis
skin, “larval basal cells” at stage 58 have the potential to
differentiate into adult cells, whereas the other cells are
larval-proper cells and are lost during metamorphosis.
Therefore, the larval basal cells are progenitor cells of
the adult epidermis. There is a growing body of evi-
dence based on organ culture and immunohistochem-
ical studies that these larval basal cells originate from
“basal skein cells,” which are easily distinguished both
morphologically and immunohistochemically from the
other larval-proper epidermal cells as early as at stage
45 (37–39). This finding suggests that the progenitor
cells for the adult stem cells of the amphibian skin are
predetermined in the tadpoles, independent of TH. In
contrast, in the larval epithelium of the X. laevis intes-
tine, essentially all of the epithelial cells are differenti-
ated as larval type and yet mitotically active, although
they proliferate very slowly throughout pre- and pro-
metamorphosis (3, 11). Undifferentiated cells and/or
stem cells are not morphologically identified in the
epithelium until stage 59 or later (40, unpublished
results). In addition, our previous immunohistochemi-
cal studies failed to identify any cells expressing detect-
able Shh (14) or Msi-1 (16) in the X. laevis larval
epithelium at stage 57 as used for the present study.
Therefore, we conclude that the larval epithelial cells,
although differentiated at stage 57 to serve the func-
tions of the tadpole intestine, dedifferentiate into the
progenitor/stem cells during stages 58–60 (Fig. 6),
when the levels of TH increase rapidly in the plasma
(41). Such a mechanism is also supported by the fact
that the larval intestinal epithelial cells, although dif-
ferentiated, are capable of proliferation in vitro (42),
thus only requiring the repression of the expression of
differentiated epithelial genes for dedifferentiation.
Similarly, TH-induced dedifferentiation of the larval
cells has also been implicated in the X. laevis exocrine
pancreas (43), although adult stem cells of this organ
have not yet been identified. If this is indeed the
mechanism during the amphibian organ remodeling,
the next question to address is whether all or a limited
number of the larval differentiated epithelial cells have
a potency to dedifferentiate into the stem cells and how

TH induces some of the epithelial cells to become stem
cells.

Earlier studies using clonogenic assays have shown
that during mammalian intestinal regeneration in
which the stem cells are experimentally removed by
radiation, partially differentiated epithelial cells, called
as “epithelial transit cells,” dedifferentiate into stem
cells and regenerate the intestinal absorptive epithe-
lium (44, 45). In this regard, the tadpole intestinal
epithelial cells, which are differentiated but mitotically
active, may resemble these epithelial transit cells. Thus,
the ability to reverse from the differentiated state to the
stem cell state may be a characteristic of epithelial cells
conserved in the mammalian and amphibian intestine.
In the mammalian intestine, it is generally established
that the microenvironment known as the “stem cell
niche” plays important roles in epithelial development
and/or regeneration through the control of the stem
cells (46–48). However, its molecular mechanisms re-
main mostly unknown. More importantly, the identifi-

Figure 5. Analysis of GFP and IFABP expression
in recombinant intestine cultured for 7 d shows
that differentiated adult epithelial cells are de-
rived from the tadpole epithelium. Cross-sec-
tions were stained with anti-GFP (I; green) and
anti-IFABP (II; red) antibodies. Column III
panels represent the merged images of panels I
and II. Recombinant intestinal sections include
those made of Tg Ep and Tg non-Ep (Tg/Tg;
A), Wt Ep and Wt non-Ep (Wt/Wt; B), Tg Ep
and Wt non-Ep (Tg/Wt; C), and Wt Ep and Tg
non-Ep (Wt/Tg; D). Differentiated absorptive
cells positive for IFABP (arrowheads) express
GFP in Tg/Tg (A) and Tg/Wt intestine (C) but
not in Wt/Wt (B) and Wt/Tg intestine (D).
Scale bars ( 10 'm.

Figure 6. Schematic illustration showing the development of
intestinal stem cells during TH-induced amphibian remodel-
ing. The stem cells of the adult epithelium originate from the
larval epithelium (LE) but not from the surrounding non-Ep.
This process takes place as some of the larval epithelial cells,
which are differentiated but retain the mitotic activity, dedi-
fferentiate into the stem cells (S) by stage 60, and it is induced
directly by TH and/or indirectly through the stem cell niche
formed in the presence of TH. Thereafter, the stem cells form
the adult absorptive epithelium (AE) analogous to the mam-
malian one under the influence of niche.
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cation of niche factors that induce the epithelial transit
cells into the stem cells is urgently needed for regener-
ative medicine and/or cancer therapy. In the amphib-
ian intestine, we have shown previously that epithelial-
connective tissue interactions are essential for the
development of the adult epithelium during remodel-
ing (30). What is unique to the amphibian intestinal
model is that TH can induce all of the processes
leading to the complete development of the adult
intestine. Therefore, the niche factors involved in these
processes are expected to be among the TH response
genes, many of which have been identified in the X.
laevis intestine by various PCR-based subtractive differ-
ential screens (49–51) and more recently by a cDNA
array (52). Our identification of the origin of the adult
stem cells should facilitate future analysis of the func-
tions of potential niche factors in the induction of some
differentiated cells to dedifferentiate into the stem
cells.

In summary, organ-specific adult stem cells are criti-
cal for the homeostasis of adult organs and organ
repair and/or regeneration. Unfortunately, it has been
difficult to investigate the origins of the stem cells and
the mechanisms of their development, especially in
mammals. Intestinal remodeling during frog metamor-
phosis offers a unique opportunity for such studies.
Our study here using Tg frogs provides the first con-
clusive experimental evidence that TH induces the
differentiated larval epithelial cells to become the adult
stem cells in the X. laevis intestine. This paves the way
for use of the amphibian intestinal model as a unique
model to study the molecular mechanisms leading to
the induction of stem cells from the differentiated cells.
Such studies will be further enhanced by the recent
advances in functional analyses of TH response genes
using Tg frog technology (32, 33). Undoubtedly, the
findings from the frog model will not only improve our
basic understanding of organ-specific adult stem cell
development but also yield valuable information for
regenerative medicine of the digestive tract.
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