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Introduction

J.F. Gudernatsch, an anatomist at Cornell Medical School,
traveled by ship to the Naples Zoological Station in the summer
of 1910. He took along various mammalian organs because he
planned to study the affect of normal and cancerous mammalian
organ extracts on the development of fish and frogs. These
extracts did disturb normal development but Gudernatsch
attributed the result to the fact that the organs had been without
cold storage on the long trip from New York. Undeterred he
changed his protocol the following summer when he visited the
histological laboratory in Prague. This time he used fresh
extracts from newly killed animals. His subjects were tadpoles
of the local frog, Rana temporaria. “As food were tried:
thyroid, liver, adrenal, hypophysis, and muscle from horse,
thymus from calf, testicle and ovary from dog or cat. Some
organs from rabbits and pigs also were given. With each
experiment one group was left unfed as control to test how
much nourishment the animals could take from the tap-water
which in Prague is very rich in organisms.” (Gudernatsch,
1912). The extract from thyroid glands caused the tadpoles to
turn into frogs. This observation was confirmed when Allen
(1925) removed the tadpole's thyroid gland and inhibited
metamorphosis. The discovery of the major product of the
thyroid gland, thyroxine (T4) (Harington, 1926), was followed
by the identification of its more active metabolite, the hormone
3,5,3′-L-triiodothyronine (T3) (Gross and Pitt-Rivers, 1952).

Thyroid hormone (TH) was the first developmental morpho-
gen ever discovered. The advantage of having unlimited
amounts of a chemical that just by adding to the rearing water
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induces the dramatic biological changes of amphibian meta-
morphosis stimulated the research of generations of anatomists,
endocrinologists, physiologists, and biochemists. Traditional
forward genetics has not been applied to amphibian metamor-
phosis. The classic book by Nieuwkoop and Faber (1956)
remains the most complete source of morphological changes of
all stages of Xenopus laevis development including embry-
ogenesis and metamorphosis. A comprehensive review of early
work in this field is by Dodd and Dodd (1976). Yoshizato's
(1989, 1996) reviews summarize the death and loss of tadpole
organs. Shi (2000) wrote the first book devoted exclusively to
amphibian metamorphosis. Recent reviews concentrate on the
molecular aspects of metamorphosis (Furlow and Neff, 2006;
Buchholz et al., 2006; Tata, 2006). The important roles of the
deiodinases in amphibian metamorphosis have been reviewed
(Brown, 2005).

Important unsolved questions

Amphibian metamorphosis provides a wonderful set of
biological questions. How can a single hormone control so
many diverse developmental programs? The same cell type can
have a different fate depending upon its location. Tail muscle is
induced by TH to die; limb muscle is induced by the same
hormone to grow and differentiate. Organs respond autono-
mously to TH. For instance, amputated tails can be induced by
TH to resorb in organ culture (Weber, 1962). The individual cell
types that comprise an organ can themselves be direct targets of
the hormone with independent cell autonomous programs
(Yaoita and Nakajima, 1997; Rowe et al., 2002; Brown et al.,
2005).

Metamorphosis is a model system to study vertebrate
organogenesis. For example, the tadpole intestinal tract is a
long simple tube with a rudimentary stomach and large intes-
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tine. Within 5 days at the climax of metamorphosis it shortens
75% in length, a stomach is formed with new secretory glands
(Ishizuya-Oka and Shi, 2005). The small intestine develops the
familiar crypts and villi that characterize a typical adult
vertebrate small intestine. The pronephros is a tadpole structure
that regresses and disappears at the end of metamorphosis (Fox,
1970). Remodeling from preexisting functional tadpole organs
includes the skin (Yoshizato, 1996), the respiratory organs
(Dodd and Dodd,1976), liver (Atkinson et al., 1998), the
immune system (Rollins-Smith, 1998), the brain and spinal cord
(Kollros, 1981), the eye (Hoskins, 1986; Mann and Holt, 2001),
the nose (Higgs and Burd, 2001), the pituitary (Kikuyama et al.,
1993; Buckbinder and Brown, 1993; Huang et al., 2001), the
hematopoetic system (Weber, 1996), and much of the skeleton
(Trueb and Hanken, 1992). These remodeling events invariably
result in a typical vertebrate organ with TH having insinuated
itself into the developmental programs. In addition, TH controls
the formation of new organs and cell types for use by the frog
after metamorphosis that either do not exist in the tadpole or
have no function in tadpoles. These include the limbs, bone
marrow, and skin and stomach glands. Not all frog organs
require TH to develop. One way to observe these TH
independent changes is to raise tadpoles for many months on
methimazole, an inhibitor that blocks the synthesis of TH in the
thyroid gland. Occasionally a tadpole will arrest development
spontaneously. Both kinds of tadpoles grow to very large size
and can live as long as 2 years. Normally, gonads with visible
eggs and sperm appear several months after metamorphosis.
However, in time these arrested tadpoles form primary oocytes
and spermatagonia (Dodd and Dodd, 1976; Rot-Nikcevic and
Wassersug, 2003). Remodeling of the tadpole skeleton,
especially the skull, requires TH. However arrested tadpoles
do not remodel their skeleton. Instead they ossify the tadpole
skull and vertebral column (Brown, unpublished data). TH
action potentiates the liver to respond to estrogen and synthesize
vitellogenin (Kawahara et al., 1989; Rabelo et al., 1994).
Androgen regulates male vocalization but only after a TH-
dependent stage (Robertson and Kelley, 1996). Underlying
many of these changes is a massive loss of water. A tadpole
loses more than half of its wet weight in the one-week period
from NF59 (Nieuwkoop and Faber, 1956) to the completion of
metamorphosis. This dramatic water loss has never been
explained.

The origin and loss in evolution of an intermediate TH-
dependent developmental stage in the vertebrate life cycle are
problems of extraordinary interest. Many varieties of fish
(Youson, 1988) undergo a TH-controlled larval to juvenile
transition attesting to the ancient origins of metamorphosis.
Just as different insect species exhibit variations in their life
cycle ranging from direct development to complete metamor-
phosis so are there amphibian strategies ranging from direct
developing frogs (Callery et al., 2001) and entirely pedo-
morphic salamanders (animals that are totally resistant to TH
and breed as larva) (Wakahara, 1996) to anurans that
metamorphose completely like Rana, Bufo, and Xenopus.
TH is required to complete the life cycle of many higher
vertebrates from birds to man, but this intervention occurs
after hatching or birth. TH deficiency after birth in humans
results in cretinism characterized by mental retardation,
shortness of stature and many other abnormalities. Although
TH plays a crucial role in the maturation of the newborn
mammalian brain, only a few candidate genes have been
identified (Thompson and Bottcher, 1997; Bernal, 2005). TH
induces larger gene expression changes in tadpoles than it
does in mammalian systems judging from published micro-
array experiments (Yen et al., 2003; Das et al., 2006). The
thyroid receptors and their RXR partners are conserved from
man to amphibians to fish (Bertrand et al., 2004). The same
DNA binding site for the TR-RXR heterodimer has been
identified in various vertebrates. Many of the coactivators and
corepressors of nuclear receptors that have been discovered in
mammalian systems have been conserved in amphibians and
implicated in TH-induced metamorphosis (Furlow and Neff,
2006). However, to date the only physiological pathway that is
known to be regulated by TH in both mammals and amphibians
is the negative feedback loop between the thyroid gland and the
anterior pituitary in which thyrotropin (TSH) stimulates the
thyroid gland to synthesize TH and excess TH down-regulates
TSH (Dodd and Dodd, 1976; Huang et al., 2001). Therefore
even though the TH receptors, their cofactors, and their DNA
recognition sites are the same, most of the physiological
responses to TH are different in anurans compared to mammals.
Are there many more genes under TH control in anurans
compared to mammals to account for the much greater
biological effect of the hormone on amphibians? A survey of
thyroid hormone response elements (TRE) in the respective
genomes will be instructive. Organogenesis in vertebrates ends
up with similar adult structures. However, TH controls many of
these developmental programs in amphibians.

The Demeneix laboratory (Morvan Dubois et al., 2006;
Havis et al., 2006) has raised the possibility that sensitivity to
TH and its receptors might be important in embryogenesis. The
thyroid hormone receptors (Eliceiri and Brown, 1994; Havis et
al., 2006) and various deiodinases (Brown, 2005; Morvan
Dubois et al., 2006) are present in embryos. In addition Morvan
Dubois et al. (2006) report a high level of TH in X. laevis eggs
and embryos. The location of the deiodinases and thyroid
receptors in embryos has led these workers to propose a role for
thyroid hormone signaling in neural and eye development
during embryogenesis. We have grown frogs in methimazole or
added high doses of TH to frogs for months with no apparent
effect. The sensitivity of tadpoles compared to frogs suggests a
global inactivation of the TH sensitive state of the genome after
metamorphosis.

Tools available for research in amphibian metamorphosis

The two most popular amphibians used to study metamor-
phosis have been X. laevis and the bullfrog Rana catesbeiana.
For most of the 20th century the bullfrog was favored for
biochemical studies because of the availability and large size
of the mature tadpoles that can be purchased from supply
houses. Bullfrogs remain as tadpoles for 3 years and then
require additional years to reach sexual maturity. X. laevis has
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replaced the bullfrog because it is easy to breed and raise in
the laboratory and has a shorter life cycle. Embryogenesis
takes 1 week. The tadpole stage (from NF46 to 59) is the most
variable period of the life cycle ranging from 6 weeks to much
longer periods depending upon the husbandry. The climax of
metamorphosis (NF59 to 66) is reproducible and lasts for
8±1 days (Fig. 1). Males and females are fertile in 6 months
and a year, respectively.

TH added directly to tadpole rearing water induces
metamorphic changes precociously. Pharmacological agents
developed for the control of thyroid hormone synthesis and
metabolism in mammals function identically in amphibians.
One class of compounds inhibits iodination of thyroglobulin,
the protein precursor of TH, in the thyroid gland. The two most
useful chemicals in this class are methimazole (Cooper et al.,
1984) and sodium perchlorate. X. laevis tadpoles grown in the
presence of 1 mM methimazole for over a year will not advance
in development beyond a stage equivalent to NF52 (Brown et
al., 2005). These developmentally arrested tadpoles ultimately
ossify their cartilaginous vertebrae and skull and form immature
eggs and sperm, a developmental feature that normally happens
many months after metamorphosis is completed. These tadpoles
develop goiters just like humans testifying to the disruption of
the negative feedback loop between the thyroid gland and the
pituitary (Fig. 2). Iopanoic acid is a drug that inhibits the action
of all classes of deiodinases (Galton, 1989). Tadpoles grown in
the presence of iopanoic acid synthesize T4 but cannot destroy it
or convert it into the more active T3. The high level of
endogenous T4 induces development to climax, but the tadpoles
arrest because the more active hormone T3 is needed to
complete metamorphosis (Huang et al., 2001).

Recently Scanlan and his colleagues have synthesized the
first TRβ specific agonist (GC-1) and antagonist (NH-3) (Lim et
Fig. 1. Schematic representation of some key events during X. laevis tadpole develo
blots of animals incubated for 24 h with Na 125I, fixed with formaldehyde, and washed
on filter paper and filmed. X. laevis has 2 thyroid glands located on either side of th
occurs 10 days after fertilization (NF46). The solid line represents the concentrations
al., 2002). The agonist has helped to confirm that the latest
event in metamorphosis, tail resorption, is mediated by TRβ
(Furlow et al., 2004).

Several methods have been developed to alter gene expres-
sion in living X. laevis. Genes have been injected into tadpole
tail muscle by intramuscular injection (de Luze et al., 1993) and
into brain cells by injection into the ventricles (Haas et al., 2002).
In both systems electroporation increases the number of
transformed cells. These methods are equivalent to transient
transfection assays since the genes are not integrated, but they
reliably monitor and influence the developmental state of the
cells. A co-injected plasmid that expresses GFP marks the
transfected cells (Nakajima and Yaoita, 2003).

The Kroll and Amaya (1996) technique for transformation of
X. laevis before first cleavage introduced the first genetic tool
for amphibian research. Some of the modifications to transgenic
procedures that have been pioneered in other organisms work in
X. laevis. These include placing transgenes under the control of
small molecules like tetracycline or RU486 (Das and Brown,
2004), control by the heat shock promoter (Marsh-Armstrong et
al., 1999a), and use of the cre-lox system (Gargioli and Slack,
2004). Two new and efficient methods to produce Xenopus
transgenics have been described. In both methods the DNA
construct is injected directly into the fertilized egg avoiding the
use of demembranated sperm that has been the most difficult
barrier to success with the original Kroll Amaya procedure. One
method that was developed first for Medaka (Thermes et al.,
2002) co-injects a “meganuclease” (I-SceI) with a plasmid in
which the transgene is flanked by the nuclease recognition sites
(Ogino et al., 2006; Pan et al., 2006). The second technique co-
injects the mRNA encoding a bacteriophage integrase (phiC31)
with the transgene (Allen and Weeks, 2005). The transgene is
bracketed by a chicken β globin insulator sequence and
pment. The time post fertilization is on the x axis. Above the line are “tadpole”
to lower background (see Brown, 1997for the method). The tadpoles were dried
e midline (solid arrow). The first incorporation of iodine into the thyroid gland
of both TH and TRβ during development. TRβ is a direct response gene of TH.



Fig. 2. The negative feedback loop between the thyroid gland and the anterior pituitary regulates the circulating levels of T4. Throughout tadpole growth TSH is
secreted by the anterior pituitary and stimulates the thyroid gland to synthesize increasing amounts of T4. However, TSH production is not shut down until D2 is up-
regulated at metamorphic climax in the anterior pituitary (Huang et al., 2001) and converts local T4 to the active hormone T3. This figure shows where pharmacological
inhibitors interfere with the formation or inactivation of thyroid hormone.
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contains a 34 bp attachment site that will integrate into one of
several related 39 bp sites in the genomic DNA. This method
invariably results in just a single integration and the insulator
sequences improve the specificity of the promoter. These new
methods will enhance the efficiency of transgenesis especially
with X. tropicalis that has a much smaller egg and is more
difficult to transfect than X. laevis by the original sperm
mediated method.

Transgenesis is suitable for over expression experiments. No
traditional knockout or gene replacement experiments have
been reported in amphibians. Transgenes are inherited through
the germ line (Marsh-Armstrong et al., 1999a) as expected, and
breeding colonies of mature transgenic X. laevis have been
produced. The methods that have been so successful for
studying X. laevis embryogenesis have little use for metamor-
phosis projects since the earliest affect on metamorphosis
cannot be assayed until the second week after fertilization. The
reliability at that late time of the action of a morpholino or
mRNA that was injected into the fertilized egg has not been
demonstrated. Naked cDNAs injected alone into the fertilized
egg of X. laevis are expressed with a mosaic distribution, and
there is no evidence that they are integrated.

While it is easy to establish cell lines from adult organs of X.
laevis only one permanent cell line that responds to TH by
undergoing a change in morphology has been reported. This
muscle cell line was derived from tadpole tail and dies as a
response to added TH (Yaoita and Nakajima, 1997). Other
established X. laevis cell lines can be induced by TH to up-
regulate the expression of response genes (Kanamori and
Brown, 1993). However TH induction of these cell lines does
not change their morphology. Nishikawa and Yoshizato (1986)
prepared primary cultures of bullfrog tadpole epidermal cells
that remained alive for 2 weeks. These cells died after several
days of T3 treatment. The application of rapid screening
methods such as RNAi will be needed to elucidate TH-induced
pathways.

The first metamorphosis-related experiments have been
reported for X. tropicalis (Rowe et al., 2002) the species for
which there is high expectations for future genetic research. The
life cycle of X. tropicalis is shorter than that of X. laevis, and
there is every reason to believe that the details of metamor-
phosis will be the same in the two species justifying the use of
the sequenced X. tropicalis genome for molecular analysis of
experiments with X. laevis. Currently there are 28,000 and
30,000 Unigene entries for X. laevis and X. tropicalis,
respectively, in the database. Microarray analyses of TH-
induced gene expression changes in X. laevis with all of the X.
laevis Unigene entries have been described (Das et al., 2006;
Buchholz et al., 2007; Cai et al., 2007). An earlier set of
experiments used 420 cDNAs collected from X. laevis and R.
catesbeiana to study gene expression changes in the resorbing
tail of X. laevis (Veldhoen et al., 2002; Helbing et al., 2003).

The roles of TH and the thyroid hormone receptors in
metamorphosis

The research direction on the actions of TH changed in
1986 when the laboratories of Ronald Evans (Weinberger et al.,
1986) and Bjorn Vennstrom (Sap et al., 1986) independently
cloned the thyroid hormone receptors (TR) and identified them
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as members of the nuclear receptor transcription factor family.
Until that time most investigators believed that TH acted by
altering metabolism. Following the discovery that TRs are
transcription factors, the focus of research changed to the
influence of TH on gene expression. Two decades earlier Tata
(1966) had anticipated a role for gene expression changes in
TH-induced metamorphosis. He suppressed the response of
tadpoles to TH with actinomycin D, an inhibitor of RNA
synthesis. Nevertheless no gene relevant to amphibian
metamorphosis was cloned until Brooks et al. (1989) cloned
a cDNA for TRα from X. laevis. Since X. laevis is pseudo-
tetraploid, there are two closely related copies of each TR
isoform in the genome. The cDNAs of the isoforms of TRα
and TRβ (Yaoita et al., 1990) were cloned and their genomic
structure elucidated (Shi et al., 1992). Three forms of RXR (α,
β, and γ), the known heterodimeric partner of TRs, have been
cloned from X. laevis (Blumberg et al., 1992; Marklew et al.,
1994). The isoforms of TR and RXR have been conserved
evolutionarily throughout vertebrates from humans to fish
(Escriva et al., 2004). Alternate splicing of TRβ results in
additional forms of this receptor (Yaoita et al., 1990), but as yet
no differential expression of a splice variant has been found
(Kanamori and Brown, 1992).

Proof that the TRs control most if not all of the varied
programs of metamorphosis comes from transgenic experi-
ments in which a dominant negative form of the TR is expressed
with a ubiquitous promoter (Schreiber et al., 2001; Buchholz et
al., 2003). At least five TH-induced visible changes are
inhibited in these animals: tail resorption, gill resorption,
intestinal remodeling, limb bud growth, and DNA replication in
the brain, nose, and limb buds. We conclude that TRs are
required for these varied programs involved in metamorphosis.
This same phenotype can be obtained in transgenics that over
express the enzyme deiodinase 3 that inactivates TH. In these
animals the TH cannot build up to a high enough level to affect
the late metamorphic changes (Huang et al., 1999). Although
the biochemical interaction of X. laevis RXR and TR with a
typical TH response element has been demonstrated by mobility
shift experiments (Ranjan et al., 1994; Wong and Shi, 1995;
Furlow and Brown, 1999; Furlow and Kanamori, 2002), and the
developmental expression pattern of at least RXRα is the same
as TRα there has been no formal proof for a role of RXRs in
metamorphosis. TR coactivators and corepressors have been
cloned from X. laevis and implicated in metamorphosis (Furlow
and Neff, 2006), and they are as conserved in sequence as the
receptors themselves. TRs are located in the nucleus and
chromatin immune precipitation (CHIP) experiments indicate
that they are bound to their cognate TREs even in an unliganded
state along with corepressors (Sachs et al., 2002; Buchholz et
al., 2005). This observation is the basis of the “dual function”
model (Wong and Shi, 1995). According to this hypothesis the
unliganded receptor represses its cognate genes early in
metamorphosis when TH concentration is low by binding
corepressors. Buchholz et al. (2003) demonstrated by CHIP
experiments that dominant negative receptors that block gene
activation do not release a corepressor when TH is added. Over
expression of a dominant negative form of the steroid receptor
coactivator-3 (SRC3) (Paul et al., 2005) inhibits metamorphosis
with a phenotype similar to that of the dominant negative TR. In
a test of the importance of the unliganded TR, Havis et al.
(2006) prepared transgenic X. laevis expressing a TR mutant
with an impaired corepressor binding site. Although the
resulting embryos died the investigators noted an inhibition of
eye development. They postulate that the unliganded receptor is
important for eye development during embryogenesis.

While most of the attention of researchers in the field of
thyroid hormone action now concentrates on effects mediated
through its receptors that influence gene expression there is a
steady flow of papers that emphasize the “nongenomic” effects
of TH (see Hiroi et al. 2006). In addition there is clear
evidence of translational control of TRα receptor protein
synthesis in the tail at metamorphic climax (Eliceiri and
Brown, 1994). This latter effect may be mediated by a highly
conserved sequence in the 5′ UTR of TRα that encodes a short
open reading frame.

The developmental appearance of TH, its receptors, and
the deiodinases and their role in the heterochronic response
of metamorphosis

In X. laevis the expression of TRα begins at tail bud stage
(NF35) (Eliceiri and Brown, 1994; Yaoita and Brown, 1990).
A functional thyroid gland is detected 10 days post
fertilization (NF46) (Fig. 1). Endogenous TH concentration
was not quantified before NF56 until recently. TH synthesis
increases as the tadpole grows reaching a peak at the climax of
metamorphosis (NF60 to 63) (Leloup and Buscaglia, 1977;
Regard et al., 1978). However, Morvan Dubois et al. (2006)
report substantial levels of TH in eggs and embryos as
measured by RIA. Confirmation by chemical identification
that RIA reacting material is bona fide TH has not been
carried out. As is the case in all vertebrates the less active
precursor hormone thyroxine (T4) is released into the
circulation (Huang et al., 2001). Conversion of T4 to the
active form of the hormone occurs locally in cells that are
expressing the outer ring deiodinase (D2) (Becker et al.,
1997). The rising concentration of TH triggers a sequence of
heterochronic developmental changes. At very low TH
concentrations (NF52–55) there is extensive induction of
DNA replication in the limb buds and the cells that line the
ventricle of the brain (Schreiber et al., 2001). The limb and
brain cells that are induced early to replicate have high
constitutive levels of TRα, RXRα, and the enzyme D2
(Brown et al., 2005; Cai and Brown, 2004). The local
conversion of T4 to the active hormone T3 catalyzed by D2
plays a role in the sensitivity of limb and brain to low levels of
circulating TH (Becker et al., 1997; Cai and Brown, 2004). It
requires high levels of TH to induce tail resorption, the last
organ to change in metamorphosis. Tail cells have low
concentrations of TR (Eliceiri and Brown, 1994) and no
detectable D2 until climax (Cai and Brown, 2004). The high
TH concentration that occurs at metamorphic climax up-
regulates D2 in the late responding tissues and organs (tail,
intestine, and anterior pituitary) (Cai and Brown, 2004). The



25D.D. Brown, L. Cai / Developmental Biology 306 (2007) 20–33
maturation of an effective negative feedback loop requires the
up-regulation of D2 in the anterior pituitary at climax (Huang
et al., 2001). TRβ is itself a direct response gene of TH
(Kanamori and Brown, 1992) and is at its highest levels in the
tail at metamorphic climax (Yaoita and Brown, 1990;
Kawahara et al., 1991; Eliceiri and Brown, 1994). These
correlations have prompted the conclusion that TRα mediates
the early events of metamorphosis that are mainly growth
programs. When the TH concentration is high enough it
induces TRβ, which then contributes to the late changes that
involve death and remodeling.

The gene that encodes the enzyme deiodinase 3 (D3) also
plays a role in the heterochrony of a cell's response to TH. A
dramatic example is the localized constitutive expression of D3
in the dorsal marginal zone of the tadpole retina (Marsh-
Armstrong et al., 1999b). D3 inhibits the TH response in those
cells that express the enzyme by destroying the hormone. The
result is that only the ventral marginal cells respond to TH by
dividing. The asymmetrical growth of the retina leads later in
tadpole growth to the formation of ipsilateral projections to the
optic tectum. Inhibition of D3 interferes with both asymmetric
replication and the ipsilateral projections. A low constitutive
expression of D3 throughout the growth of the tadpole tail helps
to protect it against the ever-increasing endogenous TH levels
(Wang and Brown, 1993). Finally at the climax of metamor-
phosis in the tail there is a sharp drop in D3 activity and a rapid
rise in both D2 (Cai and Brown, 2004; Wang and Brown, 1993)
and TRβ. All of these factors play a role in the timing of tail
resorption.

The amounts of the thyroid receptors, the endogenous
concentration of TH, and the localized activities of deiodinases
that synthesize and inactivate TH play important roles in the
timing of metamorphic events.

The programs of metamorphosis

Metamorphosis has been studied as a series of transcriptional
programs controlled by TH. The first attempts to identify genes
responsive to the hormone applied a subtractive hybridization
method (Wang and Brown, 1991) to tail resorption (Wang and
Table 1
Some direct response genes of thyroid hormone

Gene name Method a Tissue

Thyroid receptor beta CHX, TRE Multiple
TH bZip CHX, TRE Tail fibroblast, intestine e
BETB CHX, TRE Multiple
Deiodinase 3 CHX Multiple
Stromelysin-3 CHX Tail fibroblast, intestine m
Gene 12 CHX Multiple
MMP 9 TH TRE Tail fibroblast
SHH CHX Intestine epithelium
Notch Kinetics Brain ventricle cells
C/EBP delta-2 Kinetics Multiple
Enhancer of zeste Kinetics Multiple
c-myc II Kinetics Multiple
a CHX is cycloheximide resistant; TRE, demonstrated thyroid response element i
Brown, 1993), limb development (Buckbinder and Brown,
1992), intestinal remodeling (Shi and Brown, 1993), brain
(Denver et al., 1997), and a cultured cell line (Kanamori and
Brown, 1993). Control and TH-induced transcription levels
were compared after various times of hormone treatment. The
general features of TH induction include the kinetics of up-
regulation and the specification of direct versus delayed gene
expression using cycloheximide resistance. The tail resorption
program consists of 2 waves of up-regulation (Wang and
Brown, 1993). The direct response genes have a lag of about 2
to 4 h followed by an increase in mRNA for the next 12 h.
Removal of the hormone inducer at 24 h results in a decrease of
these mRNAs. These genes are direct response genes since their
TH-induced up-regulation does not require protein synthesis.
Table 1 lists some of the direct response genes that have been
identified in various metamorphic programs. Another group of
genes are induced in the second day after hormone addition.
When cycloheximide is added to tails after 48 h of TH exposure,
the tail will still resorb to some extent (Wang and Brown, 1993).
The conclusion from this observation was that two waves of
gene expression are sufficient to begin the process of tail
resorption. Subsequent array studies applied to tails at climax
(Das et al., 2006) found many more TH regulated genes than
had been identified by subtractive hybridization. Terminally
differentiated muscle and skin genes in the limb are not
expressed for 4 to 5 days after the addition of TH indicating that
multiple waves of gene expression are needed for limb growth
(Buckbinder and Brown, 1992). The question remains. If most
(all) of the varied developmental programs begin with the same
required TR at what point do the programs diverge to account
for their differences?

The tail resorption program

TH-induced tadpole tail resorption was probably the earliest
recognized example of hormone controlled programmed cell
death. A series of experiments have concluded that the two
major cell types in the tail, fibroblast and muscle, respond
independently to TH. Muscle dies by apoptosis as a result of
TH. Yaoita and Nakajima (1997) prepared a permanent cell line
Reference

Wang and Brown, 1993; Wong and Shi, 1995
pithelium Wang and Brown, 1993; Furlow and Brown, 1999

Wang and Brown, 1993; Furlow and Kanamori, 2002
Wang and Brown, 1993

esenchyme Wang and Brown, 1993
Wang and Brown, 1993
Fujimoto et al., 2006
Stolow and Shi, 1995
Das et al., 2006
Das et al., 2006
Das et al., 2006
Das et al., 2006

n the promoter; kinetics.
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from tail muscle that dies as a response to TH. Tadpoles treated
with mammalian prolactin (Dodd and Dodd, 1976) or
transgenic tadpoles that over express prolactin do not resorb
their tails at metamorphosis (Huang and Brown, 2000). The
resistant tail has large fins and a notochord but it has lost its
muscle. Muscle-specific expression of the dominant negative
form of the TR protects the tail muscle from TH-induced cell
death when the transgene is delivered by transgenesis (Das et
al., 2002) or by direct injection into the tail muscle (Nakajima
and Yaoita, 2003). The injection of an antiapoptotic gene, Bcl-
Xl, into tail muscle protects muscle cells while the tail is
resorbing (Rowe et al., 2002). A microarray analysis of tail
resorption identified several cytoplasmic proteases that are up-
regulated in tail muscle at climax in the same dying muscle cells
that activate caspase-3 (Das et al., 2006). The tail fibroblasts in
these tadpoles with protected muscle respond normally to the
hormone. These experiments demonstrate that tail muscle is a
cell autonomous target of TH. Tails contain four rows of muscle
fibers called the “cords” (Elinson et al., 1999). These muscle
fibers contract the tail as it shortens and persist until the very
end of metamorphosis when the tail is practically dissolved. The
cords do not die by cell autonomous death but are digested
ultimately by the enzymes that degrade the bulk of the tail.

Gross and LaPiere (1962) identified the first collagenase
activity in extracts of resorbing tadpole tails. In fact the
important history of collagenases and related proteolytic
enzymes dates from these discoveries on tail resorption
(Gross, 2004). Fibroblasts in the growing tail especially those
that surround the notochord actively synthesize various kinds of
collagens (Das et al., 2006). TH induces these fibroblasts to
down-regulate the synthesis of extra cellular matrix proteins and
up-regulate the synthesis of many proteases that dissolve the
structural component of the tail, the notochord, as well as the
dorsal and ventral fins (Berry et al., 1998a). This change in gene
expression occurs without DNA replication (Cai and Brown,
unpublished data). Since the tail actually dissolves completely it
is not surprising that gene expression screens have identified a
wide variety of TH-induced proteolytic enzymes. TH-induced
matrix metalloproteases (MMP) include stromelysin-3, collage-
nase-3 (Wang and Brown, 1993; Brown et al., 1996), gelatinase
A (Jung et al., 2002), and collagenase 9 (Fujimoto et al., 2006).
Intracellular hydrolases, serine proteases, and fibroblast activa-
tion factor are up-regulated by TH in tail fibroblasts (Berry et al.,
1998a). Array analyses have augmented the list of TH-induced
hydrolases including genes encoding a variety of lysosomal
hydrolases (Das et al., 2006). These genes are expressed in
fibroblasts. A synthetic inhibitor of MMPs inhibits tail
resorption further confirming the importance of these proteases
(Jung et al., 2002).

There is a sharp demarcation between the tail and the body
(Berry et al., 1998b). For example, the larval skin genes are
down-regulated throughout the tadpole, and the formation of
adult skin is uniform throughout the body, but this transition
only occurs in patches in the resorbing tail. The presumption is
that no dermis forms under most of the tail epidermis. In situ
hybridization of various genes demonstrates the sharp change in
expression at the border of the tail and the body.
TH stimulates DNA replication in the early brain and limb
growth programs

The limb axes are determined during embryogenesis
(Cameron and Fallon, 1977). In the absence of TH a limb bud
will not develop beyond an oblong structure (NF52) that has no
terminally differentiated muscle or cartilage (Brown et al.,
2005). The earliest TH-induced change in the limb and brain is a
stimulation of DNA replication (Schreiber et al., 2001;
Schlosser et al., 2002; Cai and Brown, 2004). TH induces all
cell types in the limb bud and cells lining the brain ventricles to
divide during premetamorphosis. Then TH induces limb growth
followed by differentiation of the major cell types. Newly
formed spinal cord cells give rise to the lumbar and cervical
motor neurons. These cells reach a peak in number at about
NF52 and then decrease to about 20% of their peak value by
NF56 (Hughes, 1961). The early rise in motor neuron number
requires TH (Marsh-Armstrong et al., 2004). As in all
vertebrates the excess motor neurons that do not innervate
their peripheral targets are lost, but TH does not induce this drop
in the number of motor neurons.

The kinetics of TH-induced DNA replication is the same in
the limb and brain. A microarray comparison confirmed that the
same set of cell cycle genes, encoding proteins involved in all
stages of the cell cycle, are up-regulated by TH in both tissues
(Das et al., 2006). The cell cycle genes that are most
dramatically up-regulated include 4 of the 5 genes that encode
the minichromosome maintenance (MCM) complex. The TH-
induced incorporation of Brdu occurs within the second 24 h but
requires protein synthesis. A number of TH direct response
genes encoding transcription factors that might be candidates to
activate the cell cycle pathway have been identified by
microarray studies of the limb and brain (Das et al., 2006).

Limb development

In X. laevis tadpoles the limb grows and specific cell types
are formed through the period of pre- (NF52–56) and pro-
(NF57–58) metamorphosis. By the onset of the climax of
metamorphosis (NF59) hind limb development is complete and
the front limbs become external. From this time to the
completion of tail resorption (NF66) takes about 8 days (Fig.
1). The animal switches from tail to leg swimming at NF60 as
the gills are beginning to resorb. In contrast to the importance of
cell–cell interactions that determine the limb axes (Cameron
and Fallon, 1977), the differentiated limb cell types develop in a
cell autonomous fashion (Brown et al., 2005). Tadpoles that are
transgenic for a dominant negative form of the receptor (TRDN)
have been prepared using four different promoters (Fig. 3).
Tadpoles transgenic for the TRDN transgene driven by a neural
specific promoter (neuro-beta tubulin) develop normal appear-
ing limbs in all respects except they are paralyzed (Fig. 3B)
(Marsh-Armstrong et al., 2004). Tadpoles transgenic for the
TRDN driven by a collagen promoter develop stunted limbs
(Fig. 3C) that nonetheless can function (Brown et al., 2005).
The change from tadpole to adult skin occurs in limbs at climax
after the limb has completely formed. This is the same stage that



Fig. 3. Limb phenotypes at climax (NF62). (A) Control. A dominant negative form of the thyroid receptor is expressed in (B) neural tissue; (C) collagen and skeletal
structures; (D) muscle. This figure was taken from Brown et al. (2005). Scale bar: 2 mm.
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the epidermis changes over the rest of the body. A constitutive
promoter (CMV) that is expressed in all cell types of the limb
inhibits TH-induced DNA replication (Schreiber et al., 2001) in
all of the cell types. A late muscle promoter (“cardiac actin”)
that is expressed in all kinds of muscle inhibits formation of
limb muscle (Fig. 3D) (Das et al., 2002). These transgenic limbs
grow and differentiate to climax but lack muscle. Their bone/
cartilage development is normal. Therefore the transformation
of the skin, the development of the long bones, and both the
formation and the innervation of limb muscle have separate cell
autonomous TH-controlled programs.

When the TRDN transgene driven by the muscle promoter is
placed under the control of the tetracycline system, the
transgene can be induced at any stage of limb development. If
muscle fibers have begun to form in the limb (NF55 or later)
within 2 days after induction of the TRDN transgene the muscle
fibers begin to degenerate. A microarray analysis of this
phenotype has identified candidate muscle genes whose down-
regulation might account for the degeneration phenotype (Cai et
al., 2007). Most of these candidate muscle genes are also down-
regulated in the tail muscle at climax. TH up-regulates these
same genes in control limb muscle. We have concluded that TR
is bound to the same set of muscle gene promoters in the limb
and tail muscle. Their opposite regulatory response to TH might
be caused by differences in chromatin structure or cofactor
mobilization.

Muscle remodeling

The fate of tadpole muscle and the formation of adult muscle
have been studied in some detail over the past decade. There are
regional differences in muscle-specific gene expression patterns
(Nishikawa and Hayashi, 1994; Gaillard et al., 1999), including
the myogenic regulatory factors (Nicolas et al., 1998). Tail
muscle is not the only muscle that is destined to die as a
response to TH. Nishikawa and Hayashi (1994) identified
tadpole and frog-specific isoforms of myosin heavy chain and
β-tropomyosin and concluded that the change involved death of
tadpole fibers and proliferation and growth of adult-type
myoblasts. Shizu-Nishikawa et al. (2000) found separate
progenitor larval and adult myoblasts in trunk muscle. Tail
muscle only contains larval muscle. Mixed heterokaryon
myotubes containing the two kinds of cells died or lived
depending upon the proportions of the larval and adult nuclei in
the syncytium. This switch in muscle programs resembles
closely that observed by expressing the dominant negative TR
in muscle (Cai et al., 2007).

Skin remodeling

Of all the tissues that remodel at metamorphosis the most
extreme changes in gene expression occur in the skin (Yoshizato,
1992). The tadpole skin is very similar to mammalian fetal skin
(Holbrook, 1983). It consists of three cell layers that all replicate
with a thin collagen lamella separating it from the underlying
muscle (Fig. 4). The outer “apical” layer is analogous to the
mammalian “periderm”. Subepithelial fibroblasts line the
collagen layer. There is no dermis. TH induces this skin to die
cell autonomously (Schreiber and Brown, 2003) and the basal
cells to form a typical germinative epithelium that is character-
istic of adult vertebrate skin. A novel set of genes that are
expressed only in the apical cells of the tadpole epidermis are



Fig. 4. Skin remodeling. The tadpole epidermis (upper) has 3 cell layers
covering a collagen lamella and contains no glands. The cells in all three layers
replicate. At climax (middle) a dermis forms, and two different kinds of skin
glands appear for the first time. The skin becomes a germinative epithelium with
replication only in the basal cell layer.
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down-regulated by TH at metamorphosis (Furlow et al., 1997).
The genes encoding keratins change at metamorphosis (Mathi-
sen and Miller, 1987; Miyatani et al., 1986; Suzuki et al., 2001;
Tazawa et al., 2006; Watanabe et al., 2001). The more complex
frog skin has an underlying dermis and two kinds of skin glands
that appear for the first time at climax. These glands each secrete
multiple unique products (Bevins and Zasloff, 1990). The X.
laevis cDNA libraries and microarray analyses reveal many
genes that are expressed in one or the other of these skin glands.

Intestine remodeling

One of the most dramatic changes that occur at the climax of
metamorphosis is the remodeling of the intestine. The tadpole
intestine is a simple long coiled tube with one involution at its
proximal end called the typhlosole. It is lined with a single
endothelial cell layer surrounded by a sparse mesenchyme, a
single inner radial, and an outer longitudinal muscle cell layer.
Within 5 days at climax the intestinal tract shortens about 75%
along its entire length and forms a typical vertebrate stomach and
small intestine (McAvoy and Dixon, 1978; Ishizuya-Oka and
Shi, 2005) (Fig. 5). The shortening happens rapidly in several
days and heaps the epithelium into a thick temporary multi
cellular lining. Although the epithelium is continually replicat-
ing throughout tadpole growth, the level of DNA synthesis is
enhanced greatly at climax when remodeling occurs even as the
innermost epithelial cells undergo apoptosis. DNA synthesis
occurs throughout the epithelium as it remodels. Even when the
crypts and villi have been formed at the end of metamorphosis
DNA replication continues throughout the epithelium. Months
after metamorphosis is complete DNA replication becomes
restricted to the epithelial crypts (Schreiber et al., 2005). The
nature of this remodeling is disputed. One group of workers
believes that the adult epithelium differentiates from a select
population of adult progenitor cells that can be identified before
climax (Ishizuya-Oka et al., 2003). We concluded from our
experiments that the functional tadpole epithelial cells are the
progenitors of the functional adult epithelium (Schreiber et al.,
2005). Subtractive hybridization identified genes that are
regulated by TH (Shi and Brown, 1993). Down-regulation of
specialized genes occurs at the climax of metamorphosis in the
epithelium of the intestine (Shi and Hayes, 1994; Ishizuya-Oka
et al., 1997) and the stomach (Ikuzawa et al., 2004). At the end of
metamorphosis, these genes are expressed again.

Cell–cell interaction plays a role in intestinal remodeling. By
dissociating and recombining the intestinal epithelium and
mesenchyme in organ culture, Ishizuya-Oka and Shimozawa
(1994) concluded that TH induces a change in the mesenchyme
that controls the transformation of the epithelium. We have
extended this observation recently by demonstrating that a
dominant negative form of the TR expressed exclusively in the
epithelium also inhibits metamorphic changes in the intestinal
mesenchyme and the muscle layers (Schreiber and Brown,
unpublished data). Whereas TRDN expressed in the epithelium
inhibits the changes that are seen in a cross section of the small
intestine, it does not inhibit intestinal shortening. The genes
encoding sonic hedgehog and bone morphogenetic protein have
been implicated in these TH-induced changes (Ishizuya-Oka et
al., 2006) just as they are in the formation of the intestine during
embryogenesis. Therefore remodeling may reutilize important
genes that were involved in forming the organ during
embryogenesis, but in the tadpole the genes come under the
control of TH. Many of the same genes are induced by TH in the
tail and intestine (Buchholz et al., 2006) suggesting that the
remodeling and resorption programs share gene pathways.

Pancreas remodeling

The specialized exocrine genes of the pancreas are expressed
at very high levels in tadpoles. At metamorphic climax the
pancreas shrinks in size and changes its shape so that at the end
of metamorphosis it forms the typical elongated shape adjacent



Fig. 5. Intestine remodeling. Left, before climax (NF58); right, froglet (NF66). Below each picture is an H&E cross section of the anterior intestine (red line on upper
pictures). In the 8 days of climax the intestine shrinks 75% in length and undergoes changes from a simple tube with one involution to the crypts and villi of a typical
vertebrate intestine. Throughout metamorphosis there is extensive DNA replication of all of the endothelial cells. Even at the end of metamorphosis (lower right) all of
the endothelial cells are replicating (Schreiber et al., 2005). Several months later replication becomes specific to the epithelial crypts. The stomach differentiates during
climax. We are grateful to Alex Schreiber for these pictures.
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to the duodenum that characterizes other vertebrate pancreases
(Leone et al., 1976). As it changes shape, the exocrine cells
down-regulate the terminally differentiated genes of the
exocrine pancreas (Leone et al., 1976; Shi and Brown, 1990).
Similar to the intestinal epithelium this “extinction” is reversed
at the end of metamorphosis and the same genes are expressed
again. Exogenous TH induces the down-regulation of these
genes precociously. While the expression of exocrine products
is changing, the synthesis of endocrine specific gene products
remains constant (Maake et al., 1998). However the structure of
the insulin-producing cells is remodeled. The beta cells that
synthesize insulin are mainly single or small clusters of cells in
tadpoles. At the end of metamorphosis, insulin is produced by
aggregates of cells that more closely resemble islets. The
endocrine cells that produce somatostatin and glucagon remain
mainly as single cells that become more tightly clustered as the
pancreas decreases in size at climax.

Liver remodeling

The liver is remodeled at metamorphosis. Paik and Cohen
(1960) recognized that when Rana tadpoles metamorphose to
land dwelling frogs they change fromNH3 to urea excretion. The
liver is the site of the urea cycle, and its enzymes are up-
regulated at metamorphosis in Rana species and to a lesser
extent Xenopus. Atkinson et al. (1996) showed that these genes
are regulated at the transcriptional level. Albumin synthesis is
up-regulated in the liver late in tadpole life (Moskaitis et al.,
1989) as it is at the end of fetal life in mammalian liver.
Exogenous TH induces these changes in liver parenchymal cells.

Brain remodeling

TH controls DNA replication in the brain ventricular cells as
the tadpole grows. By the climax of metamorphosis DNA
replication stops and extensive differentiation and remodeling
take place. Very little is known about the molecular basis of these
changes althoughmorphological changes have been documented.
TH-induced cell death of specific neurons such as the Rohon-
Beard orMauthner neurons has been demonstrated to occur by an
apoptotic pathway (Coen et al., 2001). The most comprehensive
account of changes in the brain at metamorphosis remains the
morphological description by Nieuwkoop and Faber (1956).

Erythrocyte remodeling

As is the case with many other vertebrates frogs express
different globin genes in their red cells at different stages of their
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life cycle (Weber, 1996). The unique feature of metamorphosing
amphibians and other vertebrates is that TH induces tadpole red
cells to undergo apoptosis and adult progenitor cells to
differentiate (Nishikawa and Hayashi, 1999). The site of
synthesis of both kinds of red cells in the tadpole is the liver
(Maniatis and Ingram, 1971). The synthesis of erythrocytes
shifts to the bone marrow after metamorphosis. An unan-
swered cell biological question remains. Does the same
progenitor cell differentiate into a tadpole erythrocyte when
the endogenous TH is low and then change its fate in the
presence of TH to produce an adult erythrocyte or are there
separate progenitor cells? One group of researchers claim that
frog and tadpole globin mRNAs are never found in the same
cell (Maniatis and Ingram, 1971; Weber, 1996) while others
claim to have found both mRNAs in the same cell
(Benbassat, 1974; Jurd and Maclean, 1970; Widmer et al.,
1983). Our own in situ hybridization experiments (Cai and
Brown, unpublished) have never observed tadpole and frog
globin mRNAs in the same cell. Regardless, TH must have at
least two separate effects on the erythrocyte program at
metamorphosis. It stimulates apoptosis of tadpole red cells
and the differentiation of adult (frog) erythrocyte progenitor
cells.

Remodeling the immune system

Skin transplants from X. laevis tadpoles even to syngeneic
frogs are rejected (Izutsu and Yoshizato, 1993). Some but not all
of the immunological memory of tadpole proteins is lost at
metamorphosis because the spleen and thymus lose most of
their B and Tcells (Du Pasquier et al., 2000). The major types of
heavy and light chains are expressed in tadpoles and the VDJ
rearrangements take place even during embryogenesis (Du
Pasquier et al., 2000), but the diversity of humoral antibodies
generated by tadpoles to an antigenic stimulus is less complex
than that of a frog. Tadpole antibodies have lower affinity to
their cognate antigen (Hsu and Du Pasquier, 1992) than the frog
ones. This increase in complexity at metamorphosis has been
attributed to the appearance at climax of the enzyme terminal
deoxynucleotidyl transferase (Lee and Hsu, 1994) that gen-
erates diversity in the “N” region of frog antibodies. This
junctional diversity also is absent in fetal mice (Benedict and
Kearney, 1999). There are major changes in expression of genes
that encode the major histocompatibility complex at metamor-
phosis (Du Pasquier and Flajnik, 1990).

What is needed

About 25 years ago genetics and molecular biology came to
the rescue of a third world science called embryology. What will
encourage the modern generation of scientists to study the
wonderful biological problems presented by amphibian meta-
morphosis? There is no problem identifying differentially
regulated genes. However, placing them into correct TH-
induced pathways will require the development of rapid
functional assays. This review has tried to point out how
worthwhile that effort will be.
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