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Thyroid hormone (TH) is the most important hormone in frog metamorphosis, a

developmental process which will not occur in the absence of TH but can be

induced precociously by exogenous TH. However, such treatments including in-vitro TH

treatments often do not replicate the events of natural metamorphosis in many organs,

including lung, brain, blood, intestine, pancreas, tail, and skin. A potential explanation

for the discrepancy between natural and TH-induced metamorphosis is the involvement

of glucocorticoids (GCs). GCs are not able to advance development by themselves

but can modulate the rate of developmental progress induced by TH via increased

tissue sensitivity to TH. Global gene expression analyses and endocrine experiments

suggest that GCsmay also have direct actions required for completion of metamorphosis

independent of their effects on TH signaling. Here, we provide a new review and analysis

of the requirement and necessity of TH signaling in light of recent insights from gene

knockout frogs. We also examine the independent and interactive roles GCs play in

regulating morphological and molecular metamorphic events dependent upon TH.
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INTRODUCTION

Vertebrate life history transitions, such as birth or weaning in mammals, smoltification in fish,
hatching in birds, and metamorphosis in amphibians, are associated with dramatic morphological
and/or physiological changes underlain by striking maxima in several plasma hormone titers (1–
6). Chief among the hormones involved are thyroid hormone (TH) and glucocorticoids (GCs), but
other hormones with less extensive or recognized roles include prolactin, aldosterone, and insulin
(7–11). Lack of GCs is not conducive to neonate survival inmammals (12), and lack of TH signaling
precludes developmental progression in tadpoles (13), underscoring the critical importance of
hormones during development. Typically, the actions of hormones during life history transitions
are studied one hormone at a time, and when studying hormone interaction, the effect of one
hormone’s ability to affect the tissue sensitivity to other hormones is determined (14–16). However,
other modes of hormone interaction are not well-characterized. Here, we focus on the extensively
studied roles of TH andGCs in frogmetamorphosis to gain insight into how hormonesmay interact
to accomplish developmental changes.

The common thumbnail understanding of hormonal control of frog metamorphosis is that
TH signaling is necessary and sufficient for metamorphosis and that GCs increase the rate of
transformation via increasing tissue sensitivity to TH (13, 17–20). Similarly, signaling through
TH receptors (TRs) is viewed as necessary and sufficient to initiate metamorphic events based
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on transgenic overexpression of mutant TRs (21–24). Current
understanding of the molecular and developmental roles of TH
and TR signaling has been summarized in the dual function
model, where TRs act to repress TH-response gene expression
in the absence of TH to prevent metamorphic events until TH
becomes available in order to signal through TRs to induce
TH response gene expression and accomplish metamorphic
transformation (25–27). The current review will highlight
previous and recent evidence suggesting modifications to this
thumbnail sketch, namely that TH is required for complete tissue
transformation in wild-type but not mutant animals lacking
TRs, that TH signaling is not sufficient to accomplish frog
metamorphosis, and that GCs do more than modulate TH
tissue sensitivity.

ANALYSIS OF THE REQUIREMENT FOR
TH/TR SIGNALING IN FROG
METAMORPHOSIS

Early experiments showed that TH is required for
metamorphosis (13, 28). Removal of TH via embryonic
thyroidectomy or treatment of tadpoles around or before the start
of feeding with chemical inhibitors of TH biosynthesis (thiourea,
propylthiouracil, potassium permanganate, methimazole)
completely inhibits developmental progression beyond the foot
paddle stage (Figure 1A). The inhibited tadpoles continue to
grow at the same or faster rate than control tadpoles but external
morphology, internal histology, and biochemistry remain larval
with little if any indication of progress toward metamorphosis.
Similarly, blockade of TR action by transgenic overexpression of
a dominant negative TR inhibits metamorphosis when expressed
all over the body and inhibits transformation of specific tissues
when overexpressed in those tissues (Figure 1A) (21, 24, 29–34).
These dominant negative TRs lack the last several C-terminal
amino acids such that they cannot bind TH and thus maintain
repression of TH response genes even in the presence of TH.
Likely exceptions to a requirement for TH signaling to achieve
the adult condition include lens crystallin transition, which
appears to depend on tadpole size rather than stage (35) and
gonad development where gonadal sex differentiation occurs
on its own schedule irrespective of somatic developmental
progression followed by oocyte and sperm production in the
tadpole body in an extended absence of TH (36–40).

TH signaling is indeed required to accomplish
metamorphosis, but how much signaling required is not
defined. Two non-mutually exclusive models have been
proposed to explain how much TH signaling is required,
the “stoichiometric” model and the “threshold” model (41).
A stoichiometric relationship between TH signaling and
metamorphic progression implies that a certain sum total of
TH signaling is required, which can be achieved by high levels
of signaling for a short duration or lower levels over a longer
duration (42). This model stems from the fact that the rate of
induced metamorphic development is positively correlated with
the concentration of exogenous TH. The stoichiometric model
has been mistakenly contrasted with the threshold model of TH

in metamorphosis where each developmental stage requires a
certain minimum TH concentration in order to be achieved
(43). This model stems from the fact that each tissue has its own
threshold sensitivity to plasma TH level below which that tissue
will not respond. Thus, near the threshold TH sensitivity for a
tissue, the tissue transforms slowly with low levels of induced TH
response genes, and at TH doses above the threshold, higher peak
levels of TH response gene expression and developmental rates
are achieved. In agreement with these models, spadefoot toad
species with higher rates of metamorphosis have higher peak
amounts of TH body content and higher levels of metamorphic
gene expression compared to spadefoot species with longer
larval periods (44, 45). Also, within a species, tadpoles reared
in conditions that accelerate metamorphosis (e.g., low water)
exhibit a higher peak in TH body content and TH response gene
expression level (46).

Further insights into the role of TH signaling in
metamorphosis came from TRα or TRβ knockout animals.
The result that removal of TH and the transgenic expression
of dominant negative TRs block metamorphosis has been
over-interpreted by virtually every expert in the field to mean
that gene induction by TH is required for metamorphosis.
Gene induction involves TH binding to TR and recruitment
of co-activators that induce gene expression (20, 27). In the
absence of TH, TRs recruit co-repressors to actively repress (i.e.,
“turn-off”) genes. In the absence of TRs, such active repression
would not occur allowing “leaky” expression of TH response
genes, but the level of such expression resulting from lack of
repression is usually lower than that induced by TH binding
to TR (47, 48). Thus, the blockade of metamorphosis due to
lack of TH or overexpression of dominant negative TR has at
least two possible interpretations. Either TH induction of genes
is indeed required for metamorphosis, or alternatively lack
of repression may allow enough expression of TH-regulated
genes to enable metamorphosis. Rearing TRα knockout animals
in methimazole resulted in full development of limbs and
skin, suggesting that induction of TH response genes is not
required for metamorphosis (Figure 1A) (48, 49). Thus, TH
signaling is required in wild type animals, but results from
TRα knockout animals suggest that the observed de-repression
of TH response genes rather than TH-mediated induction of
metamorphic genes may induce enough gene expression to
allow metamorphic completion. It remains to be unequivocally
demonstrated that limb and skin and any other organs can
undergo full metamorphosis without induction of genes through
TR by analyzing TRα/β double knockouts. The results with
TRα knockout animals are consistent with the stoichiometric
model, where a slight increase in TH response gene expression
(de-repressed levels rather than induced levels) is enough to
allow limb development to proceed to completion, albeit more
slowly than normal. Similarly for TRβ knockout animals, tail
resorption is delayed, presumably because of the reduced TH
signaling from loss of TRβ (50, 51).

The above results reveal consistent relationships between dose
of TH, level of gene expression, and rate of developmental
change, but the molecular mechanisms that determine how
much signaling is required and for how long to achieve full
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FIGURE 1 | Necessity yet insufficiency of TH signaling in frog metamorphosis. (A) TH signaling is necessary. In wild-type (WT) tadpoles, metamorphosis is complete

within 2–3 months, and tissue transformation, such as limb development, can be induced prematurely (3–5 days) by exogenous TH. Animals lacking TH are

completely inhibited from metamorphic transformation but grow indefinitely in size. Tadpoles overexpressing dominant negative TH receptor (dnTR) do not exhibit limb

elongation when treated with exogenous TH showing either that gene induction or at least lack of repression is required. When TH synthesis is blocked in TRα mutant

animals (knockout), development of all tadpole tissues is stopped except limbs and skin which predominantly express TRα strongly in non-mutant animals indicating

that lack of repression of TH response genes is necessary. Brackets highlight significant effects on limbs. (B) TH signaling is not sufficient. Many cases have been

identified where exogenous TH is not sufficient to replicate natural metamorphosis. Each indicated tissue has metamorphic events that do not occur properly with just

TH signaling. PRO = preoptic recess organ. See text for details.

tissue transformation are little understood. As a start, it has
been estimated that two days of TH signaling is enough
to achieve full TH signaling required for tissue destructive
events but not constructive events (52), but this duration is
likely dependent on TH dose, target tissue, and temperature.
Removal of thyroidectomized tadpoles from TH treatments led
to cessation of developmental progression after 2–3 days, where
hind leg growth and tail regression came to a halt (53). More
work is required to determine how the amount of TH signaling
relates to the expression kinetics of TH response genes in the
TH-induced gene regulation cascade that then controls the rate
of metamorphosis.

ANALYSIS OF THE SUFFICIENCY OF
TH/TR SIGNALING IN FROG
METAMORPHOSIS

TH is considered to be sufficient for metamorphosis because
addition of TH to premetamorphic tadpoles initiates virtually
all known metamorphic changes (13). Continuous treatment of
tadpoles with low doses or graded increases in TH dose over
time enables animals to survive and complete metamorphosis
precociously (53, 54). In addition, signaling through the TR
appears to be sufficient tomediate the TH signal formetamorphic
tissue transformations, because overexpression of a constitutively
active mutant of TRα can initiate all the metamorphic events
assessed (22). Addition of any other hormone by itself in the
absence of TH, including GCs, aldosterone, and prolactin, has
no known developmental effect during the larval period (7, 10,

11). Thus, it is commonly accepted that signaling through TH
and TR is sufficient for all metamorphic transformations and
that no other hormone is responsible or required. Despite this
generalization, natural tissue remodeling is not always replicated
by exogenous TH treatment. An obvious example is the jutting
lower jaw and subsequent death typically within 7–10 days, prior
to completion of metamorphic development in many organs
when climax-level doses or higher of exogenous TH are given
to young tadpoles (55). Additional discrepancies between natural
and TH-induced metamorphosis have been observed in many
organs, including lung, brain, blood, intestine, pancreas, tail, and
skin (Figure 1B).

Lungs
A striking example where TH treatment may not recapitulate
the events of natural metamorphosis has been observed in lung
transformation (56). In tadpoles, septa buds form and extend
into the lumen of the sac-like lung forming numerous, thin-
walled alveoli, a process that begins in premetamorphosis. The
role of TH in lung development is not well characterized, but
expression levels of TRα and TRβ increase in lung in TH-treated
organ culture and reach a peak during natural metamorphosis
in Lithobates catesbeianus (57). Similarly, exogenous TH induces
the TH-response gene Krüppel-like factor 9 (klf9) in organ
culture in bullfrog, and reaches a peak at metamorphic climax
in Xenopus laevis, though not in bullfrog (57, 58). In contrast
to the natural septation process, treatment of premetamorphic
bullfrog tadpoles with TH appeared to cause an abnormal
thickening of the connective tissue in the lung wall and no
septation (56). Addition work is required to examine what may
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explain this effect of TH and the potential role of GCs in lung
morphological development.

Brain
During metamorphosis, many TH-dependent changes occur in
the central nervous system, including elaboration of the median
eminence where hypothalamic axon terminals release hormones
acting on the pituitary causing release of hormones that act
to increase TH and GC levels (7, 59). In thyroidectomized
or hypophysectomized (removal of pituitary) tadpoles, no
monoamine-containing neurons appear in the preoptic recess
organ of the hypothalamus, and neither catecholamine terminals
nor capillaries appear in the median eminence (60, 61).
Treatment with TH induced development of preoptic recess
organ catecholamine neurons and capillaries inmedian eminence
in the thyroidectomized bullfrog tadpoles, but surprisingly
not in hypophysectomized bullfrog tadpoles even though
external morphology was induced in both groups. Importantly,
exogenous GCs, specifically corticosterone (CORT), induced the
appearance of monoaminergic neurons in the preoptic recess
organ in the hypophysectomized larvae but without causing
morphological progress. Development of these neurons and
capillaries appears to be the only GC-dependent and TH-
independent metamorphic events known.

Blood
During the climax of metamorphosis, larval erythrocytes
containing larval hemoglobin are replaced by adult erythrocytes
containing adult hemoglobin (62). Treatment of bullfrog
tadpoles with TH induced minimal hemoglobin transition, and
even after 2–4 weeks of treatment only partial adult hemoglobin
synthesis and no decrease in larval hemoglobin occurred (63–
65). Further, adult erythroblast proliferation was only minimally
induced by TH, even though TH induced larval erythroblast
apoptosis in the liver. However, erythroblast proliferation was
substantially induced by TH plus CORT (though CORT by itself
did not affect larval erythrocyte apoptosis) (66). Consistent with
these results, inhibition of TH synthesis using propylthiouracil
for over one year starting at early limb bud stage produced
giant tadpoles of Xenopus laevis which exhibited a complete
hemoglobin transition from larval to adult in the absence of
morphological change (67). Similarly, the axolotl, a facultative
neotenic species of Ambystoma salamanders, has adult rather
than larval hemoglobin in a larval body (68) and the larval
to adult hemoglobin transition occurs in thyroidectomized but
not hypophysectomized larvae of the salamander Hynobius (69).
Thus, even though production of adult hemoglobin can be
induced by TH to a small extent, TH is not sufficient for the full
larval to adult hemoglobin transition and is not necessary for the
transition to occur.

Intestine
During metamorphosis, the larval intestinal epithelium
undergoes apoptosis, while adult epithelial cells from
dedifferentiated larval epithelial cells proliferate, differentiate,
and repopulate the intestinal epithelium to accommodate
the change in diet from plant material to live prey (70). TH

treatment of bullfrog tadpoles reared in thiourea decreased
larval brush border hydrolytic enzyme activity, but adult levels
of enzyme activity did not come about even after 15 days
post treatment (71). TH treatment of small intestine cultured
in vitro also caused larval cell degeneration (72), but adult
epithelium failed to proliferate sufficiently (73), adult-type
microvilli did not form (74), and adult-pattern lectin binding
failed to occur (72). In addition, the adult epithelium achieved
by natural metamorphosis and the epithelium achieved by
TH treatment responded to GCs, specifically hydrocortisone,
differently (75, 76). In particular, hydrocortisone increased
intestinal digestive enzymes after natural metamorphosis but
decreased them after TH-induction. However, in-vitro TH
treatment of small intestine combined with the GC cortisol
and/or insulin mimicked complete larval to adult epithelial
transition reconstituting a brush border and exhibiting the
supranuclear adult lectin binding pattern (72).

Pancreas
During metamorphosis, the pancreas shrinks by 80% due to
loss of zymogen granules and exocrine cell apoptosis (31, 77).
Also, beta cells of the Islets of Langerhans exhibit a transient
decrease in insulinmRNA expression though apparently without
a decrease in beta cell number as they change from a larval to
adult arrangement and cellular histology (32, 78). After climax,
rebuilding the adult pancreas involvesmorphogenesis of the acini
and ducts, redifferentiation of exocrine cells, and re-expression of
endocrine hormones and begins around tail resorption when TH
levels have already returned to baseline (31, 32). TH treatment
mimics the morphological (reduction in pancreas mass) and
biochemical (increased protein degradation and DNA synthesis)
changes associated with remodeling of the larval pancreas that
occur before metamorphic climax, but the increase in pancreas
size and protein synthesis found in the natural remodeling
process aftermetamorphic climax are not observed even after two
weeks of TH treatment (though DNA synthesis does return) (79).
Similarly, TH treatment induces the loss of larval alpha-amylase,
but the normal replacement by adult alpha amylase does not
occur (80). Partial pancreatectomy in premetamorphic tadpoles
caused increased islet cell size and changed arrangement in ways
reminiscent of metamorphic changes, leading to the view that
islet remodeling may not be under TH control (81). However,
islet remodeling appears to require TH-dependent remodeling
of the exocrine pancreas, even when TH signaling is specifically
blocked only in beta cells (32). These results suggest that pancreas
resorption is stimulated by TH but that redifferentiation of newly
proliferated exocrine cells accompanied by rearrangement of islet
cells may not be dependent on TH.

Tail
The sufficiency of TH in tail regression at the end of
metamorphosis is not clear. Complete resorption of the tail
is not observed upon prolonged treatment with moderate
but effective doses of TH in premetamorphic tadpoles (41).
However, treatment with a graded series of TH from low to
high over successive days to mimic the developmental profile
of endogenous plasma TH enables complete metamorphosis
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including tail resorption, and TH alone induces nearly complete
tail shrinkage in culture devoid of other hormones (37, 53, 82).
Even though GCs have no known action to induce tail regression,
GCs synergize with TH in vitro to accelerate tail shrinkage
(14, 83) and inhibition of GC signaling with amphenone
B (a corticoid synthesis inhibitor) inhibited TH-induced tail
resorption in vivo (84). In contrast, cortisol partly inhibited TH-
induced reduction in DNA synthesis in tail epidermal cells (85),
which is consistent with the observation that GCs by themselves
increase tail growth in vitro (14, 83). In addition, CORT and
TH have synergistic as well as antagonistic interactions at the
level of gene expression (see below) (86). At the biochemical
level, the role of taurine in tail regression is not known,
but the amount of the atypical amino acid taurine in tail
increases a few stages before tail regression during spontaneous
metamorphosis but not in TH-induced metamorphosis (87).
Also, beta-glucuronidase activity levels increase 3-fold more
during spontaneous metamorphosis compared to TH-induced
metamorphosis (88). On the other hand, cathepsin C increased
in tail, gill, liver, lung, and kidney during natural metamorphosis,
but TH treatment in premetamorphic bullfrog tadpoles induced
cathepsin C activity only in the tail (89).

Skin
Larval skin is glandless with three layers of uncornified epithelial
cells containing cytokeratin 8 in the apical cell layer and
larval keratin in the suprabasal skein and basal skein cell
layers (90–92). Skein cells are strictly larval and have special
intermediate filament bundles in them (called Figures of Eberth)
(93). Metamorphosis results in the typical vertebrate cornified,
stratified skin epithelium, which has a proliferative adult basal
layer and expresses several adult keratins. The adult basal layer
is derived from a series of three differentiation steps: first, basal
skein cells change to adult keratin-positive basal skein cells
which then change to larval (or pre-adult) basal cells associated
with secondary connective tissue, and then these cells in turn
change to adult basal cells (92, 94). In in-vitro skin culture, TH
plus hydrocortisone but not TH alone reduced larval keratin
synthesis in isolated primary epithelial cells after 4 days (95) but
longer culture (9 days) with TH alone resulted in production
of full adult skin except the secondary connective tissue did not
form (96). Also, TH plus hydrocortisone-treated larval epidermal
cells produced sheets of cornified cells as seen in vivo, while
TH by itself induced only scattered single cornified cells (95).
In addition, expression of adult keratin in basal skein cells
can occur in culture in the absence of TH (96). Thus, the
series of differentiation steps of the basal skin cells during skin
transformation appear to involve a variety of TH- and GC-
dependent and -independent steps.

MODES OF TH/GC INTERACTION

It is not known what explains the numerous cases where
exogenous TH does not replicate events of natural
metamorphosis. The cause of death after prolonged (7–10 days)
TH treatment has been provisionally attributed to simultaneous
initiation and highly abnormal rates of tissue transformations

(97) or perhaps to thyro-toxicity because exogenous doses in
the rearing water can achieve 5–6 times that amount within the
tadpole body (98). Within a tissue, discrepancies between natural
and induced metamorphosis may be due to incomplete organ
competence to respond to TH, inappropriate TH dose, and/or
requirement for other hormonal inputs. Future experiments are
required to unequivocally establish any of these mechanisms.
Here, we examine the possible requirement of GC signaling and
interaction with TH for metamorphosis.

The best known role of GCs in metamorphosis is to
synergize with TH to accelerate TH-induced metamorphosis
in Xenopus (14, 17) and in axolotl (99). On the other hand,
exogenous CORT by itself does not induce metamorphic
development, and in fact inhibits growth and development in
premetamorphic tadpoles (100, 101). Surprisingly, even when
administered during prometamorphosis when endogenous TH
is present, exogenous CORT still inhibits metamorphosis in
Xenopus laevis (100) but accelerates development by itself
in toad species (102, 103). Inhibitory effects of exogenous
GCs administered during prometamorphosis may be acting
at the level of the hypothalamus resulting in lower plasma
TH, but this possibility has not been tested. Also, even
though TH-response gene induction may not be required
for metamorphosis (see above discussion), it is likely that
CORT is required for survival through metamorphosis. In
particular, only TH plus ACTH (adrenocorticotropic hormone,
the pituitary hormone that stimulates production of GCs),
but not TH alone, enabled survival through metamorphosis
of hypophysectomized tadpoles (104). In contrast, lack of
metamorphosis in hypothalectomized (hypothalamus removed,
blocks stimulation of pituitary hormones required for TH and
GC production) could not be rescued by treatment with TH and
ACTH (13).

It is possible that the explanation for GC acceleration of
TH-induced metamorphosis, death from lack of GC signaling,
and the observed discrepancies between natural and induced
metamorphosis may be related to TH tissue sensitivity. The
increased tissue sensitivity induced by GCs (see below) can
explain acceleration of TH-induced metamorphosis by GCs,
where increased TH sensitivity would increase TH signaling and
thus the rate of metamorphic development. Also, death from
lack GC signaling and failure of exogenous TH to completely
replicate natural development, which presumably includes a
lack of a surge in GCs, may be due to lack of GC-induced
increase in TH sensitivity, such that insufficient TH sensitivity
may disallow development of a critical organ system before TH
levels return to baseline or may lead to disruptions of the normal
series of asynchronous developmental events (e.g., it would be
problematic if leg development were not complete before tail
resorption). On the other hand, high exogenous TH doses would
presumably negate a need for GC-dependent increases in TH
sensitivity. Thus, distinct from altered TH sensitivity, direct and
required actions of GCs may explain death from lack of GC
signaling and may also explain discrepancies between natural
and induced metamorphosis. Examples of direct action of GCs
different from just increasing TH sensitivity would be that GC-
response genes may integrate with the TH gene regulation
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cascade and/or GCs may act on differentiation steps subsequent
to differentiation steps accomplished by the TH gene regulation
cascade. These modes of GC interaction with TH-dependent
development, namely altered TH tissue sensitivity and direct
effects of GCs, are discussed in the following sections.

GC REGULATION OF TH SENSITIVITY

A well-researched mechanism to explain synergy between TH
and GC signaling is the enhancement of tissue sensitivity to TH
by GCs (14). Tissue sensitivity to TH is regulated by GCs through
(1) altered deiodinase (TH metabolizing enzymes) expression
and/or activity, (2) direct GC regulation of TH-response gene
expression, such as the transcription factor klf9, and (3) indirect
GC induction of TH receptor beta, which is one of the targets
of Klf9. Reciprocally, the sensitivity to GCs can be enhanced in
some tissues by TH via increased GC receptor expression.

Effect on Deiodinases
Deiodinases are a family of enzymes that catalyze the release of
iodine from TH leading to the production of T3 (the most active
form of TH) from T4 (often considered a prohormone and binds
with lower affinity to TH receptors) and to the degradation of T4
and T3 (105). Such TH activation by deiodinase type II (D2) and
TH inactivation by deiodinase type III (D3) presumably allows
fine control of intracellular hormone availability. Several studies
have shown that the acceleration of TH-induced metamorphosis
by GCs is partly due to the increased availability of TH in cells
through GC effects on deiodinase expression or activity. First,
GCs increased D2 activity in tadpole tissues associated with
increased generation of T3 from T4 in Lithobates catesbeianus
(16) and Anaxyrus boreas (106). Also, GCs decreased D3 activity
in Lithobates catesbeianus, decreasing the degradation of T3
(16). Overall, these two actions of GCs contribute to the global
increase in TH availability in metamorphosing tissues. Similarly
in the neotenic amphibian, the axolotl (Ambystoma mexicanum),
treatment with dexamethasone (a synthetic glucocorticoid)
increasedD2 activity and decreasedD3 activity, and such changes
were accompanied by an increase in plasma T3 levels (107).
Using Xenopus laevis prometamorphic tadpoles, tail explant
cultures, and frog tissue culture cells (XTC-2 and XL-15) (14)
showed that D2 mRNA levels were induced by GCs (and also
by T3) supporting that the synergistic actions of TH and GC
in metamorphosis occur at the level of expression of genes for
D2, enhancing tissue sensitivity to TH (14). The mechanisms by
which GCs regulate D2mRNA and enzyme activity levels are not
yet defined.

Effect on TRs
The level of TR gene expression is another central component of
TH sensitivity (108). TH acts by binding to TR that functions as a
ligand-activated transcription factor. The number of functional
TRs expressed by a cell in large part determines the cell’s
sensitivity and responsivity to T3 (109, 110). TH itself can
induce the expression of TR (autoregulation) in tadpoles, thus
increasing the sensitivity to TH and driving the transformation
process (111). In addition to autoregulation, other stimuli can

influence the expression of TR (cross-regulation) (112). Such
cross-regulation by GCs was first shown in bullfrog tadpole tail
fins, where an increase in nuclear binding capacity for T3 was
observed (113). A direct measure of TRβ mRNA levels showed
that CORT by itself upregulated TRβ mRNA in the intestine, but
not tail or brain, in Xenopus laevis (98), but TRβ mRNA was
synergistically upregulated by T3 plus GCs in tail explants, tail
and brain in vivo, and tissue culture cells (14, 98). In contrast,
T3 treatment or spontaneous metamorphosis lead to an increase
in the number of T3 binding sites per nucleus in Lithobates
catesbeianus red blood cells, but surprisingly this effect was
abolished by dexamethasone (glucocorticoid receptor agonist)
and sustained by dexamethasone plus RU-486 (glucocorticoid
receptor antagonist) (114). Thus, the synergistic actions of TH
and GC in metamorphosis involve increased TRβ expression,
thereby enhancing tissue sensitivity and responsivity to TH,
though in a cell/tissue specific manner.

Effect on klf9
TRs directly regulate numerous genes, some of which are
transcription factors that in turn regulate the expression of other
genes in a gene regulation cascade (20). One such transcription
factor induced during metamorphosis is Krüppel-like factor 9
(klf9) (115), which is a member of an evolutionarily conserved
class of DNA-binding proteins that influence many aspects of
development and physiology (116). Several members of this
family were shown to be effectors of nuclear receptor signaling.
Specifically, the KLFs can act as accessory factors for nuclear
receptor actions, can regulate expression of nuclear receptor
coding genes, and can be regulated directly by nuclear receptors.
Klf9 in particular is directly induced by GCs in a protein synthesis
independent fashion exclusively via GR in tail, lungs, and brain
(58, 117). It was further observed that GCs synergize with
TH to superinduce the expression of klf9 (112). This direct
TH and GC regulation of klf9 is evolutionary conserved as
it also occurs in mammals (112). To explain how both TH
and GCs synergize to increase klf9 mRNA expression, a highly
conserved 200 bp genomic region of the Xenopus and mouse
klf9 genes was identified 5–6 kb upstream of the transcription
start site with binding sites for TR and GC receptor (GR)
(112, 118). Characterization of this region has shown that TH
increased the recruitment of liganded GR to chromatin at the
enhancer element and that chromosomal looping allows the
interaction of this far upstream enhancer region (5–6 kb) with
the klf9 promoter. This transcriptional mechanism of GC and TH
interaction is known for just this gene, klf9, but there are likely
other synergistic genes when considering that GCs synergize with
TH to increase the rate of numerous morphological changes
occurring during metamorphosis.

To reveal further how intertwined the relationship is
between TH and GC interaction, Klf9 itself is involved in the
autoinduction of TRβ by TH (119). Klf9 binds to GC-rich DNA
regions present in the proximal promoter of the Xenopus laevis
TRβ gene to enhance its autoinduction by T3. Thus, Klf9 acts
as an accessory transcription factor with TRs at TR direct target
genes, which increases cellular responsivity to further TH action
on developmental gene regulation programs (120). Furthermore,
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FIGURE 2 | Patterns of gene regulation induced by TH and CORT. Tadpoles were treated with CORT (C), CORT plus TH (CT), or TH (T), or no hormone control (Co),

and after 14 h, tails were subjected to microarray analysis. Shown are idealized patterns of changes in gene expression induced by hormone treatments relative to

control levels based k-means clustering of significantly regulated genes among treatments (86).

because klf9 is also a direct GC target gene, GCs not only
synergize with TH to induce klf9 but also thereby increase tissue
sensitivity to TH via Klf9 induction of TRβ .

Effects of TH on GC Signaling
TH affects GC signaling in at least two ways. First, T4-treatment,
but not T3, increased whole body-GC levels in Anaxyrus boreas
tadpoles, and a corticoid synthesis inhibitor prevented the
stimulatory effect of T4 on GC production (106). Second, TH
may regulate GR expression, at least in some tissues. During
natural metamorphosis with its rising plasma TH titers, GR
mRNA increases in the brain, lungs, and tail, but not intestine
(58, 117). However, T3 treatment increased GR expression in
the tail and decreased it in the brain (intestine and lungs
were not assessed) (14, 98). Mineralocorticoid receptor (MR,
the other nuclear receptor for GCs) increased during natural
metamorphosis in brain, lungs, and tail and was shown to
be inducible in the tail (58, 117). Thus, the synergy of T3
with GC during metamorphosis involves tissue-specific and T3-
dependent regulation of GR transcripts.

DIVERSITY OF GC AND TH CROSSTALK
ON RESPONSE GENE EXPRESSION

As shown above, exogenous TH does not always replicate natural
metamorphosis. It is easy to add saturating amounts of TH
to rule out insufficient TH signaling as the reason for the
discrepancy in induced vs. natural metamorphosis. Also, the lack
of metamorphic completion associated with lack of GC signaling
(104) suggests that TH is not sufficient and that direct action
of GCs not related to TH signaling is required. An important
issue, then, is to distinguish between TH and GCs working
simultaneously on the same cell vs. independent actions on cells

of the same or different stages of differentiation. Also, at the
level of gene expression, some changes in gene regulation in
the presence of both TH and GCs are inconsistent with the
synergistic morphological actions of the two hormones together.
High throughput technologies provide a global perspective to
help understand the mechanisms of interaction between TH
and GCs.

TH and GC Crosstalk: Gene Regulation
Profiles
To gain insight into the molecular mechanisms of synergy
between TH and GCs, we performed microarray analysis on
tail RNA extract from Xenopus tropicalis tadpoles treated for
18 h with corticosterone (CORT), T3, CORT plus T3, or vehicle
(86). Previously, only one GC response gene was known in
tadpoles, i.e., klf9, which was also the only known TH/GC
synergistic gene. Microarray analysis identified over 5,000 genes
whose expression was significantly modified in response to one
or more hormone treatments and offered a new opportunity to
dissect the interaction between TH and GCs. Cluster analysis
led to the identification of numerous patterns of gene regulation
(Figure 2). The greatest number of these genes was regulated
by T3 unaffected by CORT (33%) and by CORT unaffected by
T3 (12%). Noteworthy were these so-called “CORT-only” genes
because they represent GC response genes not affected by TH
signaling. Many genes either required both hormones together
(22%) or were regulated by each hormone separately as well as
together (16%), which may represent truly synergistic (require
both hormones for expression) and/or some form of additive
interaction, like klf9 where both hormones can contribute
individually. The remaining genes (17%) represent some form
of antagonism on gene expression, predominantly TH gene
regulation blocked by CORT and CORT gene regulation blocked
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by TH. These antagonistic hormone interactions at the gene
expression level contrast sharply with the solely synergistic action
of these hormones at the morphological level, i.e., GCs accelerate
TH-induced metamorphic change. The tail transcriptome results
obtained by DNA arrays showed that the effect of T3 and
CORT co-treatment is not simply the addition of T3-regulatd
genes plus GC regulated genes. The unexpectedly complex
and uncharacterized mechanisms of gene regulation for a large
number of genes controlled by TH and GCs represents an
open frontier in need of future research to understand how
developing organisms interact with the environment to modulate
development via altered hormonal input.

TH and GC Crosstalk: Regulated
Gene Functions
To expand the understanding of the hormonal cross talk
and link clustering with biological functions, gene ontology
(GO) analysis was applied to the gene lists (86). The genes
significantly regulated by T3 (Figure 2, TH-only genes) included
GO categories, corresponding to programmed cell death and
metallopeptidase activity. It makes sense that an increase
in T3 would increase the expression of genes involved in
tissue resorption. Genes up-regulated by CORT (Figure 2,
CORT-only genes) are associated with energy production
in mitochondria and metabolic processes. Again, it makes
sense that an increase in GCs increases the expression
of genes involved in gluconeogenesis to regulate energy
requirements for altered metabolism during stress and provide
sufficient energy for the acceleration of metamorphosis. Genes
synergistically up-regulated when CORT and T3 were present
together (Figure 2, synergistic induced genes) include GO terms
associated with intracellular protein transport, vesicle-mediated
transport, protein localization, and cellular localization. Finally,
genes that are down-regulated by T3 and CORT co-treatment
(Figure 2, synergistic repressed genes) are linked with negative
regulation of development and cell differentiation. Globally, these
results are consistent with the action of the two hormones to
promote tail resorption. It is important to note, however, that
the proportion of genes that emerge from GO analysis is small
relative to the number of differentially expressed genes. Thus,
the ontology analysis results do not reflect all the functions
represented by the differentially expressed genes. There remains,
therefore, an important part of the data for which we are not yet
in a position to define the biological function.

TH and GC Crosstalk: Mechanism of
Gene Regulation
The number of patterns of TH- and GC-response gene regulation
(Figure 2) suggests that multiple molecular mechanisms likely
exist to provide this gene regulation diversity. Research into
these mechanisms of interest benefits from knowledge that T3
and GCs act directly through nuclear receptors that initiate
gene regulation cascades of induced transcription factors (20,
121). Identifying direct response genes for each hormone is a
key element of on-going research. TH and GCs regulate gene
expression via hormone response elements (HRE) that interact

with the promoter of hormone direct target genes (23, 122).
The identification of such HREs is difficult because of the
complexity of these elements (123). First, HRE sequences may
be partially degenerate, engendering numerous false positives
identified by sequence analysis algorithms. Second, the presence
of an HRE sequence does not guarantee the binding of the
receptor, presumably because the chromatin organization around
an HRE can dictate the accessibility of the HRE to receptors.
Finally, the HRE position relative to the promoter of the target
gene can be near or far upstream or downstream of the gene and
also within the gene (124). Despite advances in knowledge and
computer algorithms, currently only experimentation can allow
the identification of HREs (123).

To date, only 12 direct T3-response genes have an identified
HRE in Xenopus tropicalis (125), including thrβ , klf9, thibz
(a transcription factor), the metalloproteinases mmp11 and
mmp13, and dio3. Such information is still not available for GC-
response genes, except for klf9. Note that all known HREs are
positive, resulting in up-regulation of the gene in response to
the hormone. HREs can be either positive or negative, but the
existence of negative HREs remains to be established. Likewise,
the existence of an “antagonism module” which would harbor
HREs for each hormone but with opposite effect on transcription
to explain antagonistic gene regulation interactions between TH
and GCs, is not known. However, antagonistic interactions may
be indirect due to induced transcription factors or chromatin
modifiers affecting hormone response gene expression. Indeed,
sox3, dot1L, and de novo DNA methyltransferase 3 are direct T3
response genes that themselves affect chromatin structure and
gene expression (126–128).

CONCLUSIONS

Numerous explorations into the hormonal control of frog
metamorphosis have revealed the powerful effects of TH on
nearly every tissue in the tadpole body. These studies have
also identified limitations in our ability to replicate these
developmental events using exogenous TH. These limitations
may be artifacts of the experimental hormone treatments,
or TH may indeed be insufficient to accomplish all of the
developmental changes of metamorphosis. The relative ease of
eliminating TH to study its role in development is contrasted
with the difficulty of selectively removing other hormones,
as yet unachieved for GCs, aldosterone, prolactin, that may
also play a role in natural development. The advent of gene
disruption technologies to produce loss of function mutations in
pituitary hormones, steroid synthesizing enzymes, and hormone
receptors opens the door for continued advances to understand
the roles of other hormones besides TH involved in the
complex endocrine mechanisms that control post-embryonic
development in amphibians.
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