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a b s t r a c t

Stress in fetal and larval life can impact later health and fitness in humans and wildlife. Long-term effects
of early life stress are mediated by altered stress physiology induced during the process of relaying envi-
ronmental effects on development. Amphibian metamorphosis has been an important model system to
study the role of hormones in development in an environmental context. Thyroid hormone (TH) is nec-
essary and sufficient to initiate the dramatic morphological and physiological changes of metamorphosis,
but TH alone is insufficient to complete metamorphosis. Other hormones, importantly corticosteroid hor-
mones (CSs), influence the timing and nature of post-embryonic development. Stressors or treatments
with CSs delay or accelerate metamorphic change, depending on the developmental stage of treatment.
Also, TH and CSs have synergistic, antagonistic, and independent effects on gene regulation. Importantly,
the identity of the endogenous corticosteroid hormone or receptor underlying any gene induction or
remodeling event has not been determined. Levels of both CSs, corticosterone and aldosterone, peak at
metamorphic climax, and the corticosteroid receptors, glucocorticoid and mineralocorticoid receptors,
have wide expression distribution among tadpole tissues. Conclusive experiments to identify the endog-
enous players have been elusive due to difficulties in experimental control of corticosteroid production
and signaling. Current data are consistent with the hypothesis that the two CSs and their receptors serve
largely overlapping functions in regulating metamorphosis and synergy with TH. Knowledge of the
endogenous players is critical to understanding the basic mechanisms and significance of corticosteroid
action in regulating post-embryonic development in environmental contexts.

! 2014 Elsevier Inc. All rights reserved.

1. Introduction

Corticosteroid hormones (CSs) are highly conserved hormonal
mediators of the stress response across vertebrates (Ballard,
1986; Nesan and Vijayan, 2013). CSs are also critical vertebrate
developmental hormones regulating (1) organ maturation in brain,
lungs, pancreas, and other organs and tissues, (2) developmental
transitions of metamorphosis in fish and amphibians, hatching in
chicks, and birth in mammals, and (3) long-term effects of stress
during development, such as survival and fecundity in frogs,
growth and coping styles in birds, and cardiovascular and meta-
bolic health in humans (Braun et al., 2013; Crino et al., 2014; Hu
et al., 2008; Nesan and Vijayan, 2013; Schoech et al., 2012) These
corticosteroid-dependent developmental processes and their inter-
actions with the environment are complex, and the signaling
mechanisms and downstream effectors underlying the effects of
stressors on development are largely unknown.

Progress to identify the endogenous players of corticosteroid
action in development has been made using knockout animals lack-
ing CSs or their receptors in mouse and zebrafish. Glucocorticoid
receptor knockout mice and offspring of mice deficient in adreno-
corticotropin (pituitary hormone required for glucocorticoid syn-
thesis) all die just after birth due to lung atelectasis from complete
lack of glucocorticoid signaling (Cole et al., 2001; Saedler and
Hochgeschwender, 2011). Lack of aldosterone synthase results in
70% survival after weaning (Lee et al., 2005), but MR knockout mice
all die of salt wasting around weaning (Bleich et al., 1999). Even
though the acute causes of death are known and the survivors serve
as good models for studying adult deficiencies, the numerous pleio-
tropic actions of these hormones affecting various aspects of fetal
development are understudied. Embryonic effects of glucocorticoid
receptor have been studied in more detail in fish. Knockdown of glu-
cocorticoid receptor translation by morpholinos showed internal
and external morphological defects in zebrafish (Nesan et al.,
2012; Pikulkaew et al., 2011), as well as impaired ionocyte develop-
ment in medaka (Trayer et al., 2013). Genetic disruption of adreno-
corticotropin identified roles for this hormone and its receptor in the
development of interrenal tissue (To et al., 2007).
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Genetic manipulations of genes involved in corticosteroid
signaling is advanced in mouse and fish compared to tadpoles.
However, fetal endocrine manipulations used to elucidate develop-
mental roles of hormones are often challenging because of
confounding maternal influences in mice. Also, potential develop-
mental roles of mineralocorticoids are not possible in fish, due to
their lack this class of steroid. Frog metamorphosis has been a lead-
ing model in developmental endocrinology (Shi, 2009) due to the
complete dependence of dramatic morphological changes on thy-
roid hormone and the occurrence of free-living tadpoles rather
than uterus-enclosed embryos. In addition, tadpole growth and
development are especially sensitive to environmental stressors,
which include climate change, endocrine disruption, and habitat
disturbance (Hayes et al., 2010). On the other hand, fundamental
aspects of corticosteroid physiology in development have not been
elucidated in frogs.

Most metamorphosis research has focused on the role of thyroid
hormone (TH) because it is necessary and sufficient to initiate meta-
morphic events (Brown and Cai, 2007; Dodd and Dodd, 1976; Shi,
1999). The involvement of CSs in metamorphosis is more complex
than TH, and understandably, the roles of CSs and their receptors
on gene regulation and metamorphic transformation are less clear.
The main CSs produced by the interrenals in frogs are the glucocor-
ticoid corticosterone (CORT, the frog stress hormone) and aldoste-
rone (ALDO, the frog mineralocorticoid hormone) as determined
by in vitro biosynthesis studies in tadpoles and adults of Lithobates
catesbianus and Xenopus laevis (Carstensen et al., 1961; Chan and
Edwards, 1970; Jolivet-Jaudet and Leloup-Hatey, 1984; Ulick and
Solomon, 1960) Previous excellent reviews have included sections
on corticosteroids in metamorphosis (Denver, 2009; Denver,
2013; Dodd and Dodd, 1976; Kaltenbach, 1996; Wada, 2008;
White and Nicoll, 1981). The current review outlines the central
control of corticosteroid production and effects of CSs on metamor-
phosis and then critically examines the knowns and unknowns con-
cerning the endogenous hormones and receptors involved in
corticosteroid signaling regulating metamorphic transformation.

2. Hypothalamus–pituitary–interrenal and hypothalamus–
pituitary–thyroid axes

Metamorphosis begins when TH first enters circulation, causing
premetamorphic tadpoles to enter prometamorphosis (Etkin, 1964;
Leloup and Buscaglia, 1977). When circulating levels of TH and CSs
reach their peak, tadpoles experience metamorphic climax, a period
of dramatic morphological remodeling and physiological changes.
TH levels return to baseline at the end of metamorphosis upon com-
plete tail resorption. Brain processing of external environmental
signals from predators, water availability, food, temperature as well
as internal signals such as energy balance determines the levels of
TH and CSs produced by the hypothalamus–pituitary–interrenal
and hypothalamus–pituitary–thyroid axes and thus determines
the timing of and size at metamorphosis (Denver et al., 2009). Syn-
thesis and release of TH by the thyroid glands and CSs by interrenal
glands (homologous to mammalian adrenal glands) are induced by
the pituitary hormones thyrotropin (thyroid stimulating hormone,
TSH) and corticotropin (adrenocorticotropic hormone, ACTH),
respectively (Denver et al., 2009). The release of these pituitary hor-
mones is under the influence of the hypothalamus. In adult frogs,
thyrotropin releasing hormone (TRH) stimulates TSH release
(Darras and Kuhn, 1982), and corticotropin releasing hormone
(CRH) stimulates the release of TSH and ACTH (Kuhn et al., 1998;
Tonon et al., 1986). In tadpoles and axolotls, CRH regulates the
release of both TSH and ACTH, but TRH control over TSH release
develops only after metamorphic climax (Denver, 1996; Jacobs
et al., 1988; Kühn et al., 2005) TH exerts negative feedback on the

hypothalamus–pituitary–thyroid axis throughout the larval period
(Manzon and Denver, 2004), but negative feedback by CSs on CRH
or ACTH has not been shown in tadpoles.

3. Effects of CSs on metamorphic progression

Early reports revealed that CSs (both CORT and ALDO) acceler-
ate TH-induced metamorphic changes in tadpoles but have no
metamorphic effect in the absence of TH in Bufo bufo, Babelomurex
japonicus, and X. laevis (Bock, 1938; Frieden and Naile, 1955;
Gasche, 1945; Kobayashi, 1958). Sub-epidermal implantation of
cortisol or desoxycorticosterone acetate (a mineralocorticoid)
pellets caused local tail resorption only in the vicinity of the pellet
if sub-threshold doses of TH were also included in the pellet in
Lithobates pipiens (Kaltenbach, 1958). Later reports showed that
TH induction of tail shrinkage, limb outgrowth, head shape change,
gut tube shortening, skin keratin expression, and hepatic enzyme
carbamoyl-phosphate synthase activity were increased upon
co-treatment with CORT in X. laevis (Galton, 1990; Gray and
Janssens, 1990; Shimizu-Nishikawa and Miller, 1992; Wright
et al., 1994). In vitro studies on cultured tail tips showed CORT
and ALDO accelerated TH-induced tail shrinkage in B. japonicus
and X. laevis (Bonett et al., 2010; Gray and Janssens, 1990;
Kikuyama et al., 1983). In contrast, during premetamorphosis
(when endogenous TH is low or absent), exogenous treatment with
CORT, cortisol, dexamethasone (a glucocorticoid receptor-specific
agonist), ALDO, and desoxycorticosterone acetate inhibited growth
and development in Anaxyrus boreas, B. japonicus, and X. laevis
(Hayes, 1995; Kobayashi, 1958; Leloup-hatey et al., 1990; Lorenz
et al., 2009; Rapola, 1962; Wright et al., 1994) In prometamorpho-
sis (circulating TH present), treatment with CORT or desoxycorti-
costerone acetate alone increased metamorphic rate in A. boreas
and B. japonicus (Hayes, 1995; Kobayashi, 1958). In X. laevis, CORT
treatment during prometamorphosis still blocked TH-induced tail
resorption and forelimb emergence, though gill resorption still
occurred, and ALDO had no effect (Leloup-Hatey et al., 1990). In
the CORT-treated tadpoles, TH levels in plasma declined consistent
with inhibition of metamorphosis. Rearing conditions that induce
stress and increase CORT content during prometamorphosis
resulted in an increased rate of metamorphosis in spadefoot toads
(Denver, 1998; Kulkarni et al., 2011; Newman, 1989). In summary,
exogenous treatment of the two classes of CSs (glucocorticoid and
mineralocorticoid) have generally comparable effects on growth
and development in tadpoles.

Despite clear effects on growth and development, exogenous
hormone treatments per se do not reveal the endogenous actors
of corticosteroid physiology. Experiments blocking corticosteroid
signaling are required to elucidate such roles. Hypophysectomized
(pituitary removed) tadpoles of Alytes obstetricans did not undergo
metamorphosis (for lack of pituitary signal to make TH) but did ini-
tiate metamorphosis upon TH treatment. However, the tadpoles
were unable to complete metamorphosis, unless ACTH was also
given (Remy and Bounhiol, 1971). Tadpoles or tail tips treated with
amphenone B (glucocorticoid synthesis inhibitor) showed reduced
rate of induced metamorphosis (Kikuyama et al., 1982). Treating A.
boreas tadpoles with metyrapone (another glucocorticoid synthesis
inhibitor) caused 33% reduction in CORT, which resulted in reduced
rate of hindlimb development but did not affect the rate of tail
resorption (Hayes and Wu, 1995). Further work by Glennemeier
and Denver showed that treatment with metyrapone reduced
whole body CORT by 50% in Lithobates pipiens tadpoles but did
not affect the rate of metamorphosis (Glennemeier and Denver,
2002b). ALDO was not measured even though the inhibitors also
block aldosterone synthase activity. These experiments
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demonstrate involvement of CORT and/or ALDO, but which one or
both was not precisely identified.

In contrast to morphological studies, transcriptional regulation
by CORT has received little attention. Detailed study of gene regula-
tion by CORT during metamorphosis has been done for a single gene,
KLF9 (Krüpel-like factor 9) (Bonett et al., 2009) To date, one tran-
scriptome-wide study examined the scope of CORT and TH and their
interaction on gene regulation, but multiple research groups are cur-
rently conducting related RNA-seq studies on various organs. The
transcriptome analysis was conducted on premetamorphic X. tropi-
calis tadpole tails harvested 18 h after treatment in vivo with 100 nM
CORT, 10 nM T3, or CORT + T3 (Kulkarni and Buchholz, 2012). A total
of 1968 genes were regulated by CORT. Hormone-regulated genes
were clustered into patterns based on up- and down-regulation by
one or both TH, CORT, and CORT/TH in all combinations. The pattern
identified with the most genes was CORT and TH in synergy (22.5%).
A surprisingly large number of genes (17%) manifested interactions
between CORT and TH that were not synergy but various forms of
antagonism. It is not clear how genes with antagonistic patterns of
regulation relate to the apparently exclusively synergistic morpho-
logical effects of TH and CSs co-treatments. Another inhibitory
action of CORT that occurs via central control is the upregulation
of prolactin mRNA, a pituitary hormone that can antagonize TH
action in the tail (Lorenz et al., 2009), but again, no morphological
manifestation of this negative interaction between CORT and TH
has been measured.

4. Corticosteroid levels across development

The developmental effects of exogenous CORT and ALDO suggest
an endogenous role in metamorphosis, and the developmental pro-
files for CORT (Fig. 1A) and ALDO (Fig. 1B) support this view. In L.
catesbianus, L. pipiens, Lithobates sylvaticus, and B. bufo, CORT had
a single peak at climax (Chambers et al., 2011; Denver, 1998;
Glennemeier and Denver, 2002a,b; Jaffe, 1981; Jolivet Jaudet and
Leloup Hatey, 1984; Wright et al., 2003). Measurements at earlier
premetamorphic stages showed an early level of CORT exceeding
a smaller peak at climax in X. laevis, but high premetamorphic CORT
levels were not observed in L. pipiens (Glennemeier and Denver,
2002a). Kloas (1997) found the high premetamorphic CORT levels

but not a separate peak at climax in X. laevis (Kloas et al., 1997).
These hormone profiles showing a large premetamorphic peak in
X. laevis are not consistent with interrenal histology reflecting low
steroidogenic activity in premetamorphosis with increasing
degrees of activity as metamorphosis proceeds (Rapola, 1963) No
explanation for this discrepancy has been identified.

Peaks in ALDO were observed at metamorphic climax in L. cates-
bianus, B. bufo, and B. japonicus (Kikuyama et al., 1986; Niinuma
et al., 1989; Wright et al., 2003), but in X. laevis, ALDO had two
peaks, i.e., at prometamorphosis and climax (Jolivet Jaudet and
Leloup Hatey, 1984; Kloas et al., 1997). In contrast to the above,
Krug et al. found a broad CORT profile across the larval period
rather than sharp peak at climax and did not measure an increase
in ALDO until after metamorphosis in L. catesbianus (Krug et al.,
1983). It is possible that these discrepancies may be explained by
use of plasma compared to whole body content and time of day
and photoperiod (Wright et al., 2003).

Due to variation in interpretation of stages for different species
and among researchers, it is difficult to conclude whether the corti-
costeroid peaks identified among these studies are the same devel-
opmental stage or coincide with the stage of the TH peak at
metamorphosis (Leloup and Buscaglia, 1977). In any case, most
results showed a CORT peak at metamorphic climax at approxi-
mately the same stage as the TH peak or a stage or two later, and
ALDO had one peak at climax and another during prometamorphosis
depending on species.

During a larval stress response, the hypothalamus and pituitary
secretions cause release of CORT and TH (Denver, 2013). Numerous
stressors have been shown to induce endogenous CORT produc-
tion, including predation, crowding, starvation, xenobiotic expo-
sure, and water reduction (Belden et al., 2005, 2010; Crespi and
Denver, 2005; Denver, 1998; Glennemeier and Denver, 2002a;
Maher et al., 2013). No experiment attempted to measure if larval
stress treatments also increase ALDO levels. However, ACTH injec-
tions stimulated ALDO production in tadpoles and adults of L.
catesbianus and juveniles of X. laevis (Carstensen et al., 1959;
Iwamuro et al., 1989; Jaffe, 1981) Consistent with exogenous
hormone treatments, the developmental profiles and effects of
stress on hormone levels implicate both hormones in developmen-
tal action during metamorphosis.
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Fig. 1. Consensus corticosteroid developmental profiles. (A) The consensus CORT developmental profile for Xenopus laevis shows high premetamorphic levels with a second
lower peak at climax (Glennemeier and Denver, 2002a; Jolivet Jaudet and Leloup Hatey, 1984; Kloas et al., 1997), though one study did not observe the second peak at climax
(Kloas et al., 1997). The consensus CORT profile for Lithobates species (L. sylvaticus, L. catesbianus, L. pipiens) rises to climax, but post-climax levels were not measured
(Chambers et al., 2011; Glennemeier and Denver, 2002a; Wright et al., 2003). (B) The consensus ALDO developmental profile for X. laevis shows two peaks, one at
prometamorphosis and one at climax, though the two studies contrasted on which peak was higher (Jolivet Jaudet and Leloup Hatey, 1984; Kloas et al., 1997). The consensus
ALDO profile for L. catesbianus showed a single peak at climax (Kikuyama et al., 1986; Wright et al., 2003) but one study on L. catesbianus showed no change in ALDO levels
until after completion of metamorphosis (Krug et al., 1983). A study on Bufo japonicus showed a single peak at the end of climax (Niinuma et al., 1989). Hormone
measurements were done by radioimmunoassay on plasma or whole body extracts. PRE: premetamorphosis, INI: initiation of metamorphosis, PRO: prometamorphosis,
CLIMAX: climax of metamorphosis, MET: metamorphosis, JUV: juvenile.
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5. Corticosteroid receptors

Two types of corticosteroid receptors have been identified in
vertebrates, (I) the mineralocorticoid receptor (MR), which binds
glucocorticoids and mineralocorticoids with high affinity, and (II)
the glucocorticoid receptor (GR), which binds glucocorticoids with
a lower affinity than MR and does not bind mineralocorticoids
(Sapolsky et al., 2000). Both receptor types were originally cloned
20 years ago in X. laevis (Csikos et al., 1995; Gao et al., 1994). MR
and GR are found primarily in cytosol in the absence of ligand,
bound by several other proteins that maintain the receptors in a
conformation favorable to ligand binding (Fig. 2). Upon hormone
binding, the cytosolic complex dissociates, and the receptor trans-
locates to the nucleus where it can regulate gene transcription by
binding as homodimers to mineralocorticoid or glucocorticoid
responsive elements (MRE or GREs) that are present in promoter
regions of hormone-responsive genes resulting in increased or

decreased gene expression. In addition to the receptors, tissue sen-
sitivity to CSs is regulated by expression of the metabolizing isoen-
zymes 11b-hydroxysteroid dehydrogenases, which interconvert
CSs between active and inactive versions, and multidrug efflux
pump, which transports CSs from cells (Quax et al., 2013).

GR expression is wide spread among tissues and is hormone reg-
ulated. In X. laevis and L. catesbianus, GR mRNA and protein show
dynamic expression changes among stages, hormone treatments,
and tissues (brain, liver, intestine, and tail) (Fig. 3) (Bonett et al.,
2010; Krain and Denver, 2004; Woody and Jaffe, 1984). GR mRNA
levels increased with development in the brain and tail, reaching
the highest levels at the completion of metamorphosis, whereas
TH treatment repressed GR mRNA in brain and induced it in tail
(Bonett et al., 2010; Krain and Denver, 2004). Treatment with CORT
had no effect on GR mRNA levels in either tissue. In the intestine, GR
mRNA levels remained unchanged throughout development but
were reduced after TH-treatment (Krain and Denver, 2004).
Cytosolic GR binding capacity showed divergent patterns across
development in intestine and tail compared to mRNA perhaps
explained by different species and/or measurement of cytosolic
rather than whole cell levels (Woody and Jaffe, 1984).

Fewer studies have been conducted on the tissue distribution of
MR, but it has been found in many tissues, including outside those
typically associated with salt and water balance: (1) skin cytosol
contained saturable ALDO binding sites in Pelophylax esculentus
but not X. laevis (Leloup-hatey et al., 1990), (2) MR mRNA was
detected in whole bodies of prometamorphic X. laevis (Csikos
et al., 1995), (3) MR mRNA and protein were present in the pitui-
tary and tail in X. laevis and L. catesbianus (Bonett et al., 2010;
Roubos et al., 2009; Yamamoto and Kikuyama, 1993), and (4) MR
mRNA is inducible by TH in the tail of X. laevis (Bonett et al.,
2010). In XTC-2 cells (unknown tissue origin), both GR and MR
were detected, though expression levels were not compared
(Bonett et al., 2009). Gene expression analysis using these cells
showed that both RU486 (a GR and progesterone receptor antago-
nist) and spironolactone (an MR antagonist) significantly
decreased basal and CORT-induced levels of the CORT-response
gene KLF9, suggesting the involvement of both GR and MR.

6. Mechanisms of corticosteroid action on metamorphosis

The above studies suggest that both CSs and their receptors are
available in many if not most tissues to take part in regulation of
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Fig. 2. Diagram of corticosteroid signaling. CORT enters cells from the blood. In the
absence of CORT, cytoplasmic proteins retain glucocorticoid receptor (GR) in the
cytoplasm and maintain its confirmation favorable to binding by CORT. Once GR is
bound by CORT, the cytosolic complex dissociates, and the bound receptor
translocates to the nucleus. The known ways CORT affects tissues during
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form, not shown) and T3 to T2 (another inactive form). GR-CORT binds to
glucocorticoid response elements (GRE) and induces the expression of KLF9 in the
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molecular consequences of ALDO-MR gene regulation on TH signaling mechanisms
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metamorphosis, but the identity of which signaling system carries
out which actions endogenously has not been determined. Mecha-
nisms of metamorphic inhibition by CSs in the absence of TH are
less well understood than acceleratory effects in the presence of
TH. During premetamorphosis, exogenous CORT may block devel-
opment by feedback inhibition on hypothalamic CRH neurons
reducing CRH stimulation of TSH and TH release, as evidenced by
reduced plasma concentrations of TH after CORT treatment in X.
laevis and reduced thyroid follicle cell height and proliferation
(Buscaglia et al., 1981; Leloup-hatey et al., 1990; Wright et al.,
1994) The growth inhibition due to CORT may indirectly affect
metamorphic development by modulating internal energy stores
and/or physiology that may signal the brain to reduce production
of hypothalamic hormones regulating development (Hu et al.,
2008), but little is known about this potential mechanism. Because
the above experiments used exogenous CORT and not ALDO,
because ALDO has similar inhibitory effects as CORT during
premetamorphosis, and because receptor specific agonists and
antagonists were not used, it is possible that either or both
hormones or receptors could be involved in these inhibitory effects
in the absence of TH.

In the presence of TH, mechanisms underlying acceleratory
effects of CSs involving central control have not been identified.
In the periphery, several mechanisms can account for the accelera-
tory effects of CSs on TH-induced metamorphosis locally in tissues.
First, both ALDO and CORT increased TH-induced nuclear TH bind-
ing capacity in cultured tail tips in B. japonicus and L. catesbianus
(Niki et al., 1981; Suzuki and Kikuyama, 1983). Such increased
nuclear binding is consistent with CORT-dependent augmentation
of TH-induced TRb (TH receptor beta) mRNA expression (Krain and
Denver, 2004). Increased tissue sensitivity to TH via increased TRb
expression certainly contributes to the synergy of CSs and TH in
metamorphosis, and at least two molecular mechanisms may con-
tribute to this action of CSs on TRb and likely other TH-response
genes. At the level of TH signaling, CORT can increase the conver-
sion of T4 to T3 (inactive to active version of TH) via deiodinase
type 2 (D2) and decrease the degradation of T4 and T3 to inactive
metabolites by deiodinase type 3 (D3) (Fig. 2). Specifically, CORT
increased D2 activity in skin and decreased D3 activity in liver
and gut, consistent with reduced excretion of inactive metabolites
and retention of T3 in the plasma (Galton, 1990). In tail, CORT
increased D2 and D3 mRNA (Bonett et al., 2010; Lorenz et al.,
2009). It is possible that CORT regulates D2 and D3 activity either
by direct gene regulation or by indirect regulation of genes that
affect deiodinase transcription and/or activity. Direct cross-talk
between CORT and TH at the level of gene regulation is exemplified
by regulation of KLF9, which is induced independently and syner-
gistically by TH and CORT (Bonett et al., 2009). In addition, KLF9
contributes to induction of the TH-response gene TRb in X. laevis
(Bagamasbad et al., 2008). TR and MR/GR binding sites have been
identified in a synergy module upstream of the KLF9 transcrip-
tional start site, providing a transcriptional mechanism for CORT
and TH synergy (Bagamasbad, 2012). These valuable insights into
the role of CSs have been gained using exogenous CORT, but
whether CORT and/or ALDO or whether GR and/or MR are the
endogenous players remains to be determined.

7. Conclusions and future directions

Research on the endocrinology of CSs in frog metamorphosis to
understand their roles in vertebrate development began over
70 years ago in experiments showing CORT accelerates TH-induced
metamorphosis (Bock, 1938). Since then, many effects of stress or
treatment with CSs hormones on tadpoles have been observed.
Where examined, CORT, ALDO, and dexamethasone (GR-specific

agonist) typically induce similar effects, and metyrapone (cortico-
steroid synthesis inhibitor), RU486 (GR antagonist), and spirono-
lactone (MR antagonist) have the expected inhibition of
corticosteroid actions. However, stress can induce TH as well as
CORT (Denver, 1998; Gomez-Mestre et al., 2013), and because
exogenous TH is sufficient to recapitulate most metamorphic
events in vivo and in vitro (Dodd and Dodd, 1976), it is not clear
the extent to which CORT and/or ALDO affect metamorphic
changes. During natural metamorphosis, both CORT and ALDO
have peak blood levels at climax, and stress increases circulating
CORT, and perhaps ALDO, levels. Also, GR is expressed in all tissues
examined, and MR has a broad tissue distribution. Thus, both CSs
and their receptors are available to be the endogenous players.

Nevertheless, lack of effective surgical or chemical means to
completely and specifically block CORT and ALDO synthesis or
action has confounded attempts to define their specific develop-
mental role(s). Dexamethasone has been an underused reagent to
illuminate GR-specific effects in tadpoles, but in axolotls, dexa-
methasone synergizes with TH to accomplish metamorphosis
(Kühn et al., 2004) If similar results were found in frogs, then such
data in combination with the ability of ALDO to synergize with TH
in tadpoles would suggest both GR and MR independently can
mediate the corticosteroid developmental signals.

Gene knockout studies in mice and polymorphisms in humans
show that birth occurs in the absence glucocorticoid and mineral-
ocorticoid signaling but lethality and failure to thrive occur post-
natally. On the other hand, hormonal compensation by the mother
have made it difficult to elucidate post-embryonic and fetal devel-
opmental roles of CSs. Developmental genetic studies in fish have
identified embryonic significance of corticosteroid signaling, but
potential developmental roles of mineralocorticoids cannot be
addressed in fish. Current gene disruption technologies (TALENs
and CRISPRs) can now be used in amphibians to create homozy-
gous mutations in relevant pituitary hormones, steroidogenic
enzymes, and hormone receptors to elucidate specific roles of
CSs and their receptors in frog metamorphosis.

Another important gap in knowledge of corticosteroid develop-
mental endocrinology is to identify and elucidate roles of down-
stream target genes of CSs alone and in cross-talk with TH.
Though CORT and TH synergy as well as antagonism have been
identified as major classes of gene regulation patterns, effects of
corticosteroid-regulated genes have not been experimentally
examined nor have the molecular mechanisms of their regulation
been elucidated. Such studies require gene expression analysis
and/or manipulation of expression levels using transgenic/knock-
out techniques. Elucidating the molecular mechanisms using
mutant receptors and chromatin immunoprecipitation of such
CORT-induced gene regulation and cross-talk between TH and
CSs will require knowledge of the endogenous players in cortico-
steroid signaling. In conclusion, many endocrine actions of exoge-
nous CSs have been identified, but knowledge of the actual
endogenous hormone and mediating nuclear receptor, upstream
mechanisms of CS tissue-sensitivity, and downstream conse-
quences of CS action have not been determined in most cases but
are required to understand the role of CSs in development in an
environmental context.

References

Bagamasbad, P.D., 2012. Molecular mechanism of nuclear hormone receptor
transcriptional synergy and autoinduction. PhD Diss. Univ. Michigan.

Bagamasbad, P., Howdeshell, K.L., Sachs, L.M., Demeneix, B.A., Denver, R.J., 2008. A
role for basic transcription element-binding protein 1 (BTEB1) in the
autoinduction of thyroid hormone receptor beta. J. Biol. Chem. 283, 2275–2285.

Ballard, P.L., 1986. Glucocorticoid Hormone Action. In: Baxter, J.D., Rousseau, G.G.
(Eds.), Monographs on Endocrinology, Vol. 12. Springer-Verlag, Berlin,
pp. 493–516.

S.S. Kulkarni, D.R. Buchholz / General and Comparative Endocrinology 203 (2014) 225–231 229

http://refhub.elsevier.com/S0016-6480(14)00110-5/h0465
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0465
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0465
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0470
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0470
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0470


Belden, L.K., Moore, I.T., Wingfield, J.C., Blaustein, A.B., 2005. Corticosterone and
growth in Pacific treefrog (Hyla regilla) tadpoles. Copeia 2005, 424–430.

Belden, L.K., Wingfield, J.C., Kiesecker, J.M., 2010. Variation in the hormonal stress
response among larvae of three amphibian species. J. Exp. Zool. 313A,
524–531.

Bleich, M., Warth, R., Schmidt-Hieber, M., Schulz-Baldes, A., Hasselblatt, P., Fisch, D.,
Berger, S., Kunzelmann, K., Kriz, W., Schütz, G., Greger, R., 1999. Rescue of the
mineralocorticoid receptor knock-out mouse. Pflugers Arch. 438, 245–254.

Bock, K.A., 1938. Die einwirkung von nebennierenrinden-extract auf den ablauf der
thyroxin-metamorphose bei froschlarven und beim axolotl. Klin. Woschschr.
17, 1311–1314.

Bonett, R.M., Hoopfer, E.D., Denver, R.J., 2010. Molecular mechanisms of
corticosteroid synergy with thyroid hormone during tadpole metamorphosis.
Gen. Comp. Endocrinol. 168, 209–219.

Bonett, R.M., Hu, F., Bagamasbad, P., Denver, R.J., 2009. Stressor and glucocorticoid-
dependent induction of the immediate early gene kruppel-like factor 9:
implications for neural development and plasticity. Endocrinology 150, 1757–
1765.

Braun, T., Challis, J.R., Newnham, J.P., Sloboda, D.M., 2013. Early-life glucocorticoid
exposure: The hypothalamic–pituitary–adrenal axis, placental function, and
long-term disease risk. Endocr. Rev. 34, 885–916.

Brown, D.D., Cai, L., 2007. Amphibian metamorphosis. Dev. Biol. 306, 20–33.
Buscaglia, M., Leloup-Hatey, J., Jaudet, G., Leloup, J., 1981. Effects de la

corticosterone sur la metamorphose d’un amphibien anoure Xenopus laevis.
Ann. Endocrinol. 42, 80C.

Carstensen, H., Burgers, A.C.J., Li, C.H., 1959. Isolation of aldosterone from incubates
of adrenals of the American bullfrog and stimulation of its production by
mammalian adrenocorticotropin. J. Am. Chem. Soc. 81, 4109–4110.

Carstensen, H., Burgers, A.C.J., Li, C.H., 1961. Demonstration of Aldosterone and
Corticosterone as the Principal Steroids Formed in Incubates of Adrenals of the
American Bullfrog (Rana catesbeiana) and Stimulation of Their Production by
Mammalian Adrenocorticotropin. Gen. Comp. Endocrinol. 1, 37–50.

Chambers, D.L., Wojdak, J.M., Du, P., Belden, L.K., 2011. Corticosterone level changes
throughout larval development in the amphibians Rana sylvatica and
Ambystoma jeffersonianum reared under laboratory, mesocosm, or free-living
conditions. Copeia 2011, 530–538.

Chan, S.T.H., Edwards, B.R., 1970. Kinetic studies on the biosynthesis of
corticosteroids in vitro from exogenous precursors by the interrenal glands of
the normal, corticotrophin-treated and adenohypophysectomized Xenopus
laevis Daudin. J. Endocrinol. 47, 183–195.

Cole, T.J., Myles, K., Purton, J.F., Brereton, P.S., Solomon, N.M., Godfrey, N.M., Funder,
J.W., 2001. GRKO mice express an aberrant dexamethasone-binding
glucocorticoid receptor, but are profoundly glucocorticoid resistant. Mol. Cell.
Endocrinol. 173, 193–202.

Crespi, E.J., Denver, R.J., 2005. Roles of stress hormones in food intake regulation in
anuran amphibians throughout the life cycle. Comp. Biochem. Physiol. A Mol.
Integr. Physiol. 141, 381–390.

Crino, O.L., Driscoll, S.C., Breuner, C.W., 2014. Corticosterone exposure during
development has sustained but not lifelong effects on body size and total and
free corticosterone responses in the zebra finch. Gen. Comp. Endocrinol. 196,
123–129.

Csikos, T., Tay, J., Danielsen, M., 1995. Expression of the Xenopus laevis
mineralocorticoid receptor during metamorphosis. Recent Prog. Horm. Res.
50, 393–396.

Darras, V.M., Kuhn, E.R., 1982. Increased plasma levels of thyroid hormones in a frog
Rana ridibunda following intravenous ad-ministration of TRH. Gen. Comp.
Endocrinol. 48, 469–475.

Denver, R.J., 1996. Neuroendocrine Control of Amphibian Metamorphosis. In:
Gilbert, L.I., Tata, J.R., Atkinson, B.G. (Eds.), Metamorphosis: Postembryonic
Reprogramming of Gene Expression in Amphibian and Insect Cells. Academic
Press, San Diego, CA, pp. 433–464.

Denver, R.J., 2009. Stress hormones mediate environment-genotype interactions
during amphibian development. Gen. Comp. Endocrinol. 164, 20–31.

Denver, R.J., 2013. Neuroendocrinology of amphibian metamorphosis. Curr. Top.
Dev. Biol. 103, 195–227.

Denver, R.J., Glennemeier, K.A., Boorse, G.C., 2009. Endocrinology of Complex Life
Cycles: Amphibians. In: Pfaff, D.W., Arnold, A.P., Etgen, A.M., Fahrbach, S.E.,
Ruben, R.T. (Eds.), Hormones, Brain and Behavior, second edition. Academic
Press, San Diego, pp. 707–744.

Denver, R.J., 1998. Hormonal correlates of environmentally induced metamorphosis
in the Western spadefoot toad, Scaphiopus hammondii. Gen. Comp. Endocrinol.
110, 326–336.

Dodd, M.H.I., Dodd, J.M. 1976. The biology of metamorphosis. In: Lofts, B. (Ed.),
Physiology of the Amphibia, New York, pp. 467–599.

Etkin, W., 1964. Metamorphosis. In: Moore, J.A. (Ed.), Physiology of the Amphibia.
Academic Press, New York, pp. 427–468.

Frieden, E., Naile, B., 1955. Biochemistry of amphibian metamorphosis: 1.
Enhancement of induced metamorphosis by glucocorticoids. Science 121, 37–
39.

Galton, V.A., 1990. Mechanisms underlying the acceleration of thyroid hormone-
induced tadpole metamorphosis by corticosterone. Endocrinology 127, 2997–
3002.

Gao, X., Kalkoven, E., Peterson-Maduro, J., van der Burg, B., Destree, O.H.J., 1994.
Expression of glucocorticoid gene is regulated during early embryogenesis of
Xenopus laevis. Biochim. Biophys. Acta 1218, 194–198.

Gasche, P., 1945. Helv. Physiol. Pharmacol. Acta 3, C10.

Glennemeier, K.A., Denver, R.J., 2002a. Developmental changes in interrenal
responsiveness in anuran amphibians. Integr. Comp. Biol. 42, 565–573.

Glennemeier, K.A., Denver, R.J., 2002b. Small changes in whole-body corticosterone
content affect larval Rana pipiens fitness components. Gen. Comp. Endocrinol.
127, 16–25.

Gomez-Mestre, I., Kulkarni, S., Buchholz, D.R., 2013. Mechanisms and consequences
of developmental acceleration in tadpoles responding to pond drying. PloS One
8, e84266.

Gray, K.M., Janssens, P.A., 1990. Gonadal hormones inhibit the induction of
metamorphosis by thyroid hormones in Xenopus laevis tadpoles in vivo, but
not in vitro. Gen. Comp. Endocrinol. 77, 202–211.

Hayes, T.B., Falso, P., Gallipeau, S., Stice, M., 2010. The cause of global amphibian
declines: a developmental endocrinologist’s perspective. J. Exp. Biol. 213, 921–
933.

Hayes, T.B., 1995. Interdependence of corticosterone and thyroid hormones in larval
toads (Bufo boreas). I. Thyroid hormone-dependent and independent effects of
corticosterone on growth and development. J. Exp. Zool. 271, 95–102.

Hayes, T.B., Wu, T.H., 1995. Interdependence of corticosterone and thyroid
hormones in toad larvae (Bufo boreas). II. Regulation of corticosterone and
thyroid hormones. J. Exp. Zool. 271, 103–111.

Hu, F., Crespi, E.J., Denver, R.J., 2008. Programming neuroendocrine stress axis
activity by exposure to glucocorticoids during postembryonic development of
the frog, Xenopus laevis. Endocrinology 149, 5470–5481.

Iwamuro, S., Mamiya, N., Kikuyama, S., 1989. Pituitary hormone-dependent
aldosterone secretion in Xenopus laevis. Zool. Sci. 6, 345–350.

Jacobs, G.F., Michielsen, R.P., Kühn, E.R., 1988. Thyroxine and triiodothyronine in
plasma and thyroids of the neotenic and metamorphosed axolotl Ambystoma
mexicanum: influence of TRH injections. Gen. Comp. Endocrinol. 70, 145–151.

Jaffe, R.C., 1981. Plasma concentration of corticosterone during Rana catesbiana
tadpole metamorphosis. Gen. Comp. Endocrinol. 44, 314–318.

Jolivet Jaudet, G., Leloup Hatey, J., 1984. Variations in aldosterone and
corticosterone plasma levels during metamorphosis in Xenopus laevis
tadpoles. Gen. Comp. Endocrinol. 56, 59–65.

Jolivet-Jaudet, G., Leloup-Hatey, J., 1984. Interrenal function during Amphibia
metamorphosis: in vitro biosynthesis of radioactive corticosteroids from
(4-14C)-progesterone by interrenal in Xenopus laevis tadpoles. Comp. Biochem.
Physiol. B 79, 239–244.

Kaltenbach, J., 1996. Endocrinology of Amphibian Metamorphosis. In: Gilbert, L.I.,
Tata, J.R., Atkinson, B.G. (Eds.), Metamorphosis: Postembryonic Reprogramming
of Gene Expression in Amphibian and Insect Cells. Academic Press, San Diego,
CA, pp. 403–431.

Kaltenbach, J.C., 1958. Direct steroid enhancement of induced metamorphosis in
peripheral tissues. Anat. Rec. 131, 569.

Kikuyama, S., Suzuki, M.R., Iwamuro, S., 1986. Elevation of plasma aldosterone
levels of tadpoles at metamorphic climax. Gen. Comp. Endocrinol. 63, 186–190.

Kikuyama, S., Niki, K., Mayumi, M., Shibayama, R., Nishikawa, M., Shintake, N., 1983.
Studies on corticoid action on the toad tadpole tail in vitro. Gen. Comp.
Endocrinol. 52, 395–399.

Kikuyama, S., Niki, K., Mayumi, M., Kawamura, K., 1982. Retardation of thyroxine-
induced metamorphosis by Amphenone B in toad tadpoles. Endocrinol. Jpn. 29,
659–662.

Kloas, W., Reinecke, M., Hanke, W., 1997. Stage-dependent changes in adrenal
steroids and catecholamines during development in Xenopus laevis. Gen. Comp.
Endocrinol. 108, 416–426.

Kobayashi, H., 1958. Effects of desoxycorticosterone acetate on metamorphosis
induced by thyroxine in anuran tadpoles. Endocrinology 62, 371–377.

Krain, L.P., Denver, R.J., 2004. Developmental expression and hormonal regulation of
glucocorticoid and thyroid hormone receptors during metamorphosis in
Xenopus laevis. J. Endocrinol. 181, 91–104.

Krug, E.C., Honn, K.V., Battista, J., Nicoll, C.S., 1983. Corticosteroids in serum of Rana
catesbeiana during development and metamorphosis. Gen. Comp. Endocrinol.
52, 232–241.

Kühn, E.R., De Groef, B., Grommen, S.V., Van der Geyten, S., Darras, V.M., 2004. Low
submetamorphic doses of dexamethasone and thyroxine induce complete
metamorphosis in the axolotl (Ambystoma mexicanum) when injected together.
Gen. Comp. Endocrinol. 137, 141–147.

Kühn, E.R., De Groef, B., Van der Geyten, S., Darras, V.M., 2005. Corticotropin-
releasing hormone-mediated metamorphosis in the neotenic axolotl
Ambystoma mexicanum: synergistic involvement of thyroxine and corticoids
on brain type II deiodinase. Gen. Comp. Endocrinol. 143, 75–81.

Kuhn, E.R., Geris, K.L., van der Geyten, S., Mol, K.A., Darras, V.M., 1998. Inhibition
and activation of the thyroidal axis by the adrenal axis in vertebrates. Comp.
Biochem. Physiol. A 120, 169–174.

Kulkarni, S.S., Buchholz, D.R., 2012. Beyond synergy: corticosterone and thyroid
hormone have numerous interaction effects on gene regulation in Xenopus
tropicalis tadpoles. Endocrinology 153, 5309–5324.

Kulkarni, S.S., Gomez-Mestre, I., Moskalik, C.L., Storz, B.L., Buchholz, D.R., 2011.
Evolutionary reduction of developmental plasticity in desert spadefoot toads. J.
Evol. Biol. 24, 2445.

Lee, G., Makhanova, N., Caron, K., Lopez, M.L.S., Gomez, R.A., Smithies, O., Kim, H.S.,
2005. Homeostatic responses in the adrenal cortex to the absence of
aldosterone in mice. Endocrinology 146, 2650–2656.

Leloup, J., Buscaglia, M., 1977a. La triiodothyronine, hormone de la metamorphose
des Amphibiens. C. R. Acad. Sci. Ser. D 284, 2261–2263.

Leloup, J., Buscaglia, M., 1977b. La triiodothyronine, hormone de la metamorphose
des Amphibies. C. R. Acad. Sci. Paris Ser. D 284, 2261–2263.

230 S.S. Kulkarni, D.R. Buchholz / General and Comparative Endocrinology 203 (2014) 225–231

http://refhub.elsevier.com/S0016-6480(14)00110-5/h0475
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0475
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0480
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0480
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0480
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0485
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0485
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0485
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0490
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0490
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0490
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0040
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0040
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0040
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0045
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0045
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0045
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0045
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0495
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0495
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0495
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0055
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0060
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0060
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0060
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0500
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0500
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0500
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0505
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0505
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0505
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0505
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0510
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0510
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0510
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0510
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0515
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0515
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0515
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0515
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0520
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0520
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0520
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0520
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0090
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0090
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0090
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0525
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0525
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0525
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0525
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0530
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0530
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0530
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0535
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0535
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0535
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0110
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0110
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0110
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0110
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0780
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0780
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0540
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0540
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0545
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0545
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0545
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0545
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0125
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0125
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0125
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0550
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0550
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0555
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0555
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0555
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0145
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0145
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0145
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0560
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0560
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0560
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0155
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0565
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0565
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0165
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0165
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0165
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0170
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0170
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0170
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0570
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0570
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0570
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0575
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0575
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0575
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0580
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0580
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0580
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0585
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0585
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0585
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0195
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0195
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0195
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0590
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0590
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0595
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0595
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0595
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0600
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0600
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0215
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0215
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0215
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0605
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0605
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0605
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0605
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0605
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0225
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0225
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0225
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0225
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0230
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0230
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0610
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0610
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0615
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0615
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0615
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0245
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0245
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0245
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0620
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0620
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0620
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0625
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0625
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0265
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0265
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0265
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0270
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0270
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0270
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0630
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0630
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0630
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0630
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0635
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0635
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0635
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0635
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0640
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0640
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0640
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0645
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0645
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0645
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0650
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0650
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0650
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0655
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0655
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0655
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0660
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0660
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0310
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0310


Leloup-hatey, J. et al., 1990. Interrenal function during the metamorphosis in
anuran amphibia. Fortschr. Zool. 38, 139–154.

Lorenz, C., Opitz, R., Lutz, I., Kloas, W., 2009. Corticosteroids disrupt amphibian
metamorphosis by complex modes of action including increased prolactin
expression. Comp. Biochem. Physiol. C 150, 314–321.

Maher, J.M., Werner, E.E., Denver, R.J., 2013. Stress hormones mediate predator-
induced phenotypic plasticity in amphibian tadpoles. Proc. R. Soc. B Biol. Sci.
280 (1758).

Manzon, R.G., Denver, R.J., 2004. Regulation of pituitary thyrotropin gene
expression during Xenopus metamorphosis: negative feedback is functional
throughout metamorphosis. J. Endocrinol. 182, 273–285.

Nesan, D., Kamkar, M., Burrows, J., Scott, I.C., Marsden, M., Vijayan, M.M., 2012.
Glucocorticoid receptor signaling is essential for mesoderm formation and
muscle development in zebrafish. Endocrinology 153, 1288–1300.

Nesan, D., Vijayan, M.M., 2013. Role of glucocorticoid in developmental
programming: evidence from zebrafish. Gen. Comp. Endocrinol. 181, 35–44.

Newman, R.A., 1989. Developmental plasticity of Scaphiopus couchii tadpoles in an
unpredictable environment. Ecology 70, 1775–1787.

Niinuma, K., Mamiya, N., Yamamoto, K., Iwamuro, S., Vaudry, H., Kikuyama, S., 1989.
Plasma concentrations of aldosterone and prolactin in metamorphosing toad
tadpoles. Bull. Sci. Eng. Res. Lab. Waseda Univ. 122, 17–21.

Niki, K., Yoshizato, K., Kikuyama, S., 1981. Augmentation of nuclear binding capacity
for triiodothyronine by aldosterone in tadpole tail. Proc. Japan Acad. Ser. B 57,
271–275.

Pikulkaew, S., Benato, F., Celeghin, A., Zucal, C., Skobo, T., Colombo, L., Dalla Valle, L.,
2011. The knockdown of maternal glucocorticoid receptor mRNA alters embryo
development in zebrafish. Dev. Dyn. 240, 874–889.

Quax, R.A., Manenschijn, L., Koper, J.W., Hazes, J.M., Lamberts, S.W.J., van Rossum,
Elisabeth, F.C., Feelders, R.A., 2013. Glucocorticoid sensitivity in health and
disease. Nat. Endocrinol. 9, 670–686.

Rapola, J., 1962. Development of the amphibian adrenal cortex. Morphological and
physiological studies on Xenopus laevis DAUDIN. Ann. Acad. Sci. Fenn. Ser. A 64,
1–81.

Rapola, J., 1963. The adrenal cortex department and metamorphosis of Xenopus
laevis Daudin. Gen. Comp. Endocrinol. 3, 412–421.

Remy, C., Bounhiol, J.J., 1971. Normalized metamorphosis achieved by
adrenocorticotropic hormone in hypophysectomized and thyroxined Alytes
tadpoles. C. R. Acad. Sci. Hebd. Seances. Acad. Sci. D 272, 455–458.

Roubos, E.W., Kuribara, M., Kuipers-Kwant, F.J., Coenen, T.A., Meijer, K.H., Cruijsen,
P.M., Denver, R.J., 2009. Dynamics of glucocorticoid and mineralocorticoid
receptors in the Xenopus laevis pituitary pars intermedia. Trends Comp.
Endocrinol. Neurobiol. Ann. N. Y. Acad. Sci. 1163, 292–295.

Saedler, K., Hochgeschwender, U., 2011. Impaired neonatal survival of pro-
opiomelanocortin null mutants. Mol. Cell. Endocrinol. 336, 6–13.

Sapolsky, R.M., Romero, L.M., Munck, A.U., 2000. How do glucocorticoids influence
stress responses? Integrating permissive, suppressive, stimulatory, and
preparative actions. Endocr. Rev. 21, 55–89.

Schoech, S.J., Rensel, M.A., Wilcoxen, T.E., 2012. Here today, not gone tomorrow:
long-term effects of corticosterone. J. Ornithol. 153, S217–S222.

Shi, Y., 1999. Amphibian metamorphosis: from morphology to molecular biology.
Wiley-Liss Inc., New York.

Shi, Y.B., 2009. Dual functions of thyroid hormone receptors in vertebrate
development: the roles of histone-modifying cofactor complexes. Thyroid 19,
987–999.

Shimizu-Nishikawa, K., Miller, L., 1992. Hormonal regulation of adult type keratin
gene expression in larval epidermal cells of the frog Xenupus laevis.
Differentiation 49, 77–83.

Suzuki, M.R., Kikuyama, S., 1983. Corticoids augment nuclear binding capacity for
triiodothyronine in bullfrog tadpole tail fins. Gen. Comp. Endocrinol. 52, 272–
278.

To, T.T., Hahner, S., Nica, G., Rohr, K.B., Hammerschmidt, M., Christoph Winkler, C.,
Bruno Allolio, B., 2007. Pituitary–interrenal interaction in zebrafish interrenal
organ development. Mol. Endocrinol. 21, 472–485.

Tonon, M.C., Cuet, P., Lomacz, M., Jegou, S., Cote, J., Couteux, L., Ling, N., Vaudry, H.,
Vaudry, H., 1986. Comparative effects of corticotrophin-releasing factor,
arginine vasopressin, and related neuropeptides on the secretion of ACTH and
a-MSH by frog anterior pituitary cells and neurointermediate lobes in vitro.
Gen. Comp. Endocrinol. 61, 438–445.

Trayer, V., Hwang, P.P., Prunet, P., Thermes, V., 2013. Assessment of the role of
cortisol and corticosteroid receptors in epidermal ionocyte development in the
medaka (Oryzias latipes) embryos. Gen. Comp. Endocrinol. 194, 152–161.

Ulick, S., Solomon, S., 1960. The synthesis of aldosterone from progesterone by the
amphibian adrenal. J. Am. Chem. Soc. 82, 249–250.

Wada, H., 2008. Glucocorticoids: Mediators of vertebrate ontogenetic transitions.
Gen. Comp. Endocrinol. 156, 441–453.

White, B.A., Nicoll, C.S., 1981. Hormonal Control of Amphibian Metamorphosis. In:
Gilbert, L.I., Frieden, E. (Eds.), Metamorphosis: A problem in Developmental
Biology. Plenum Press, New York, pp. 363–396.

Woody, C.J., Jaffe, R.C., 1984. Binding of dexamethasone by hepatic, intestine, and
tailfin cytosol in Rana catesbiana tadpoles during spontaneous and
triiodothyronine-induced metamorphosis. Gen. Comp. Endocrinol. 54,
194–202.

Wright, M.L., Cykowski, L.J., Lundrigan, L., Hemond, K.L., Kochan, D.M., Faszewski,
E.E., Anuszewski, C.M., 1994. Anterior-pituitary and adrenal-cortical hormones
accelerate or inhibit tadpole hindlimb growth and development depending on
stage of spontaneous development or thyroxine concentration in induced
metamorphosis. J. Exp. Zool. 270, 175–188.

Wright, M.L., Guertin, C.J., Duffy, J.L., Szatkowski, M.C., Visconti, R.F., Alves, C.D.,
2003. Developmental and diel profiles of plasma corticosteroids in the bullfrog,
Rana catesbeiana. Comp. Biochem. Physiol. A 135, 585–595.

Yamamoto, K., Kikuyama, S., 1993. Binding of aldosterone by epidermal cytosol in
the tail of bullfrog larvae. Gen. Comp. Endocrinol. 89, 283–290.

S.S. Kulkarni, D.R. Buchholz / General and Comparative Endocrinology 203 (2014) 225–231 231

http://refhub.elsevier.com/S0016-6480(14)00110-5/h0315
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0315
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0665
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0665
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0665
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0325
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0325
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0325
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0670
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0670
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0670
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0675
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0675
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0340
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0340
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0680
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0680
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0680
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0685
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0685
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0685
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0690
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0690
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0690
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0695
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0695
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0695
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0700
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0700
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0700
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0705
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0705
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0375
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0375
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0375
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0710
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0710
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0710
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0710
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0715
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0715
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0720
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0720
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0720
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0725
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0725
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0400
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0400
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0405
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0405
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0405
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0730
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0730
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0730
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0735
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0735
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0735
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0740
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0740
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0740
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0745
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0745
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0745
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0745
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0745
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0750
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0750
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0750
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0755
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0755
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0790
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0790
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0440
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0440
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0440
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0760
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0760
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0760
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0760
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0765
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0765
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0765
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0765
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0765
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0770
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0770
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0770
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0775
http://refhub.elsevier.com/S0016-6480(14)00110-5/h0775

	Corticosteroid signaling in frog metamorphosis
	1 Introduction
	2 Hypothalamus–pituitary–interrenal and hypothalamus–pituitary–thyroid axes
	3 Effects of CSs on metamorphic progression
	4 Corticosteroid levels across development
	5 Corticosteroid receptors
	6 Mechanisms of corticosteroid action on metamorphosis
	7 Conclusions and future directions
	References


