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a b s t r a c t

A hormone-dependent developmental transition from aquatic to terrestrial existence occurs in all
tetrapod vertebrates, such as birth, hatching, and metamorphosis. Thyroid hormones (TH) and their
receptors (TRs) are key players in the tissue transformations comprising vertebrate developmental
transitions. The African clawed frog, Xenopus, is a premier model for the role of TRs in developmental
transitions because of the numerous and dramatic TH-dependent tissue transformations during meta-
morphosis and because of the endocrine, molecular, and genomic resources available. TRs are nuclear
receptors that repress TH-response genes when plasma TH is minimal and that activate those same genes
to induce tissue-specific gene regulation cascades when TH plasma levels increase. Tissue-specific TR
expression levels help determine tissue sensitivity and responsivity to TH thereby regulating the initi-
ation and rate of developmental change in TH-sensitive tissues which govern the tissue developmental
asynchrony observed during metamorphosis. This review highlighting Xenopus presents the key
experimental findings underpinning the roles TRs play in control of vertebrate developmental
transitions.

© 2017 Elsevier B.V. All rights reserved.
1. Developmental transitions

A developmental transition from aquatic to terrestrial existence
is a physical requirement for all terrestrial vertebrates. Vertebrate
eggs and embryos all begin in an aqueous environment, either in-
side the mother, in a shelled egg, or free-living in water or moist
areas. The transition to terrestrial living is often but not always
coincident with lung maturational events and air breathing
(mammals breath first at birth, but functional lung development in
tadpoles occurs well before metamorphosis (Pronych and
Wassersug, 1994; Rose and James, 2013)). In mammals in addition
to breathing, physiological preparations for the abrupt loss of
placental functions at birth include increased liver gluconeogenesis
and glycogen storage, kidney glomerular filtration and sodium
reabsorption, acid and digestive enzyme secretion in the gut, and
switching from fetal to adult hemoglobin and liver to bone marrow
hematopoiesis (Fowden et al., 1998; Liggins, 1994). Frog meta-
morphosis represents an extreme, where nearly all aspects of the
tadpole change to accommodate the terrestrial existence, including
gain of limbs, loss of tail and gills, switching of liver metabolism,
and remodeling of the cranial cartilages, the intestine, and the skin
(Dodd and Dodd, 1976). Aquatic tetrapods, e.g., marine mammals
and reptiles and many salamanders (e.g., Crypotbranchus, Dicamp-
todon, Rhyacotriton, Amphiuma) and some frogs (e.g., Telmatobius,
pipids including Xenopus), still have a developmental transition,
where they retain numerous ancestral features of the aquatic to
terrestrial transition. No tetrapod lacks such a developmental
transition, except perhaps neotenic salamanders though they too
have cryptic/subtle hormone-dependent post-embryonic physio-
logical changes not related to sexual maturity (Laudet, 2011;
Vlaeminck-Guillem et al., 2006).
2. Hormonal control of developmental transitions

An important aspect of all vertebrate aquatic to terrestrial
developmental transitions is coordination in the timing of the
changes among tissues. Whereas many features of morphology and
physiology are compatible with both aquatic and terrestrial life-
styles, some changes must occur in preparation for or immediately
at the aquatic to terrestrial transition, such as air breathing, skin
cornification, and switching of hemoglobin and liver metabolism
(Fowden et al., 1998; Liggins, 1994). Vertebrate species vary in the
set of tissues/organs that need strict coordination at the
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developmental transition depending on their life history strategies,
such that some terrestrial features may be present in the aquatic
phase well before the transition without negative consequences.
For example, human intestine histogenesis is complete at seven
months and skin cornifies six months prior to birth (Carlson, 2014),
whereas frog intestine and skin remodeling events are tied to the
metamorphic transition (Dodd and Dodd, 1976). In addition, some
tissue transformations within the developmental transition do not
occur exactly at the same time, a phenomenon called tissue
developmental asynchrony (Furlow and Neff, 2006; Shi et al., 1996).
For example, tadpole tail resorption occurs after hind limb devel-
opment and outgrowth to maintain locomotor ability.

The main mechanism to coordinate developmental events
among tissues during the aquatic to terrestrial transition is afforded
by hormones traveling in the blood providing a signal to all organs
simultaneously. The main hormones inducing developmental
changes are thyroid hormone (TH) and a glucocorticoid hormone
(GC, either cortisol or corticosterone) (Dodd and Dodd, 1976;
Fowden and Forhead, 2013; Hillman et al., 2012). In all verte-
brates, a peak in TH and GC occurs at the developmental transition
and is determined by the neuroendocrine system based on internal
and external inputs (Buchholz, 2015; Denver, 2013; Laudet, 2011).
When the developmental timing of terrestrial features is not crit-
ical, development might not be under hormonal control, e.g., skin
cornification and intestine histogenesis still occurs in humans with
cretinism or severely reduced TH production (Delange, 2005).

Even though both TH and GC seem to be involved in all aquatic
to terrestrial transitions, this review focuses on the role of TH and
their receptors (TRs). TRs are nuclear receptors that constitutively
bind TH response elements located in the genome in and around
TH-regulated genes to control their transcription, where TH-
response genes may be induced or repressed in response the TH
(Cheng et al., 2010; Yen, 2001). The molecular mechanisms of gene
repression by TH is not well understood, but in the case of TH-
induced genes, absence of TH in the cell nucleus allows TRs to re-
cruit co-repressors to reduce transcription of TH-response genes,
and the presence of TH causes a conformational change in TR to
allow co-activators to replace co-repressors and induce transcrip-
tion of TH-response genes (Das et al., 2010; Wen and Shi, 2016). All
tetrapods have two isoforms of TR, namely TRa and TRb, which
have different tissue distributions and developmental expression
profiles (Laudet and Gronemeyer, 2002; Ng and Forrest, 2006; Shi
et al., 1996). Distinct developmental roles attributable to the two
TR isoforms are due mostly to their differential expression and
perhaps to possible isoform-specific gene regulation (Cheng et al.,
2010; Denver et al., 2009; Nunez et al., 2008).

3. Utility of Xenopus as a model for TR function in
development

Model organisms provide exaggerated and/or simplified sys-
tems that are accessible and easily manipulated and can reveal the
basic operating principles that are nearly the same across verte-
brates. For elucidating the roles of TH signaling during develop-
ment, the African clawed frogs, Xenopus laevis and X. tropicalis, have
several intrinsic experimental advantages that make them an
excellent model (Buchholz, 2015; Harland and Grainger, 2011;
Sachs and Buchholz, 2017; Shi, 1999, 2009). First, the dramatic
TH-dependent molecular and morphological changes that occur
during metamorphosis are unrivaled in scope among terrestrial
vertebrates (Dent, 1968), and signaling via TH and their receptors is
necessary and sufficient to initiate virtually all metamorphic events
(Das et al., 2010). Second, mechanisms of TH signaling in gene
regulation and development are highly conserved between frogs
and other vertebrates (Furlow and Neff, 2006; Sachs and Buchholz,
2017). Indeed, TH-dependent metamorphosis is comparable to
perinatal stages inmammals and hatching in birds (Buchholz, 2015;
McNabb, 2007). Third, tadpoles are large and accessible throughout
their development, including TH-dependent stages, and Xenopus
produces large numbers of free-living eggs and embryos that are
easy to culture without specialized media or temperature re-
quirements making tadpole studies fast, easy, and cheap with
respect to comparable, perinatal stages in mammals. Fourth,
plasma levels of TH undetectable by radioimmunoassay occur
naturally during the frog larval period prior to metamorphosis
(Leloup and Buscaglia, 1977), indicating that virtually all TH re-
ceptors in vivo are in the unliganded condition, such that simple
exogenous addition of TH to the rearing water during pre-
metamorphosis enables precise temporal control of TH receptors to
the liganded state that can mimic natural metamorphosis (Shi,
1999). Fifth, Xenopus has all the modern tools of a genetic model
system, such as a sequenced genome (Hellsten et al., 2010; Session
et al., 2016), an ORFeome (Grant et al., 2015), a model organism
database (James-Zorn et al., 2015), and established methods for
gene knockout (Tandon et al., 2016) and transgenesis (Buchholz,
2012; Das and Brown, 2004; Ishibashi et al., 2012). Studies to
elucidate developmental mechanisms of TH signaling are con-
strained in mammalian systems by the difficulty of observing
relatively subtle or cryptic TH-dependent changes and of obtaining
samples from fetuses in utero. An additional difficulty is that fetal
tissues are constantly exposed to maternal hormones through the
placenta (Forhead and Fowden, 2014), such that manipulation of
fetal endocrine signaling to examine receptor function in plus or
minus hormonal states is difficult to achieve without potentially
introducing artefacts from altered maternal endocrine physiology.
Thus, Xenopus development is a particularly compelling model
system for use in elucidating TH signaling applicable to develop-
mental transitions in other vertebrates.

4. Early breakthroughs in frog metamorphosis

Early work in ranid frogs, beginning over 100 years ago, iden-
tified the first developmental action of TH in vertebrates (i.e., in-
duction of morphological changes of frog metamorphosis) and the
role of the hypothalamus and pituitary in control of TH production
(Allen, 1938; Etkin, 1964; Gudernatsch, 1912; Lynn andWachowski,
1951). Later, biochemical changes induced by TH in terms of overall
DNA, RNA, and protein synthesis and enzyme activity were exam-
ined in ranid frogs and in Xenopus (Frieden and Just, 1970; Galton,
1983; Tata, 1965). Cloning of the TRs in Xenopus and bullfrogs
launched the molecular phase of analysis of TH and development
by revealing that TH receptors (TRs) are ligand-activated nuclear
receptors and that TH-induced genes constitute a gene regulation
cascade (Brown et al., 1995; Davey et al., 1994; Helbing et al., 1992;
Shi, 1999; Yaoita et al., 1990). We are currently in the era of
continued molecular examination uncovering additional molecular
mechanisms of gene regulation in vivo by using transgenic over-
expression, ChIP assay, and bioinformatics (Buchholz et al., 2003,
2004; Das et al., 2006; Sachs and Shi, 2000). The remaining sec-
tions address the current state of molecular analysis performed
predominantly in Xenopus that support a dual function model for
the role of TRs in development and the contributions of TRs to
developmental transitions.

5. Dual function model

The dual function model describes the role of TRs in control of
gene regulation and developmental timing during ontogeny
(Buchholz et al., 2006; Sachs et al., 2000; Shi, 2009; Wen and Shi,
2016). The dual function model was developed based on the
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knowledge of the role of ligand in control of TR-mediated tran-
scription and the developmental expression profiles of TRa and TRb
with respect to the peak of plasma TH at the developmental tran-
sition. TRa is expressed inmost tissues when plasma TH is minimal,
prompting the question of its function before TH signaling is known
to occur. The dual function model states that TRs act as transcrip-
tional repressors in the absence of plasma TH to keep genes
important for metamorphosis turned off and allow tadpole growth
until TH becomes available, at which point TRs become transcrip-
tional activators to induce TH-response genes and consequent
metamorphic changes. Extensive evidence from ChIP assays and
transgenic overexpression studies support the gene induction role
of TRs during development (Buchholz et al., 2006; Shi, 2009).
However, support for a role of TRs actively repressing genes having
a developmental role has been equivocal.

Recently, two studies using TRa knockout Xenopus provided
strong evidence for gene repression by TR prior to circulating TH
(Choi et al., 2015b; Wen and Shi, 2015). In frogs, hind limb devel-
opment and outgrowth is nearly completely dependent on
signaling via TRa (Cai and Brown, 2004; Furlow et al., 2004).
Knockout of TRa led to precocious hind limb development with
early increased expression of TH-response genes important for
metamorphosis due to lack of TRa-mediated repression, in com-
plete agreement with the dual function model (Choi et al., 2015b;
Wen and Shi, 2015). Further studies in intestine showed similar
results of de-repressed levels of TH response genes when plasma
TH is undetectable (Choi et al., 2017). Results from knockout studies
in mice are consistent with the dual function model (Bernal and
Morte, 2013; Morte et al., 2002), but few mouse studies have
examined such roles for TR, likely due to the inherent difficulties for
these experiments in mammals.

6. Application of the dual function model to developmental
transitions

The aquatic to terrestrial developmental transition in verte-
brates comprises the coordination of hormone-dependent tissue
transformations within a relatively short post-embryonic period.
The dual function model explains the function of TRs on gene
regulation in any one tissue at any one time, but the relative timing
of the switch from repression to activation among tissues is
controlled by mechanisms other than those addressed by the dual
function model. Also, coordination of tissue transformations does
not come from communication among transforming organs, as no
such communication is known to exist, especially considering that
tadpole organs from Xenopus and other species can be induced to
transform independently in organ culture in vitro, including tail,
hind limbs, skin, intestine, liver, and lung (Buchholz and Hayes,
2005; Derby, 1968; Helbing et al., 1992; Ishizuya-Oka and Shimo-
zawa, 1991; Mathisen and Miller, 1989; Tata et al., 1991; Veldhoen
et al., 2015). Similarly, transgenic overexpression of a dominant
negative TR, which constitutively represses TH-response genes and
fails to induce them even in the presence of TH, reveals striking
tissue autonomy when expressed in individual tissues, where
nerves, muscle, cartilage, and skin of the hind limb transform
independently of one another (Brown et al., 2005; Das et al., 2002;
Marsh-Armstrong et al., 2004).

Coordination of tissue transformations during the develop-
mental transition comes from the tissue autonomous amount of TH
signaling as determined by a combination of 1) plasma TH levels
and 2) tissue-specific sensitivity and responsivity to plasma TH
levels. Tissue sensitivity and responsivity ties the tissue-specific
timing of the transformation of each tissue to the developmental
profile of plasma TH levels. The dual function model explains what
TRs do, not when they do it. Thus, to understand the role of TRs in
developmental transitions, we need to understand how TRs
contribute to control of the hormone profile and tissue sensitivity
and responsivity (Fig. 1).

7. Global timing of the developmental transition and role of
TR

Aquatic to terrestrial developmental transitions are associated
with elevated plasma TH levels around birth, hatching, and meta-
morphosis. The developmental TH profile is controlled centrally by
the hypothalamus - pituitary - thyroid gland axis. In tadpoles, brain
processing of internal signals and external cues cause release of
corticotropin releasing hormone from the hypothalamus that
stimulates release of thyroid stimulating hormone from the pitui-
tary that signals the thyroid to secrete TH into the blood (Denver,
2013). The duration of elevated THs is highly variable among ver-
tebrates but tends to be at least 1e2 weeks or longer (Forhead and
Fowden, 2014; Leloup and Buscaglia, 1977) The mechanisms con-
trolling the shape, duration, and peak height of the plasma TH
profile are largely unknown. Early studies in ranid frogs suggested
that TRs contribute to the plasma TH profile by their action on
vascularization andmaturation of themedian eminence to increase
the ability of the hypothalamus to signal to the pituitary (Etkin,
1965, 1968).

Recently, it was found using TRa knock out Xenopus that overall
duration of the metamorphic transition was shortened, via un-
known mechanisms (Choi et al., 2017). During the developmental
stages that are dependent on TH (i.e., from limb outgrowth to tail
resorption in wild-type animals), TRa knock out animals achieved
those stages and completed metamorphosis earlier in time
compared to wild-type siblings. Untested possibilities include 1)
themedian eminencewas able to develop precociously from lack of
TRa-mediated repression allowing precocious rise in plasma TH, 2)
unknown other precocious development of the hypothalamus -
pituitary - thyroid axis development, 3) accelerated transformation
among virtually all tadpole organs (which express TRa and TRb)
due to de-repression of metamorphic genes including TRb, in effect
“priming” them for increased responsivity once TH is present in
circulation.

8. Role of TR in tissue sensitivity regulating timing of tissue
transformations

Tissue sensitivity refers to the threshold level of plasma TH at
which a tissue is able to respond to the TH signal. The ability of
different tissues to initiate development in thyroidectomized ranid
tadpoles was dependent on the concentration of exogenously
administered TH, showing differential tissue sensitivity (Kollros,
1961). As examined in Xenopus, tissue sensitivity is determined
by expression levels and activities of TH signaling genes, which
include TH cytoplasmic transporters, deiodinases, cytoplasmic TH
binding proteins, TRs, and TR transcriptional co-factors (Brown,
2005; Choi et al., 2015a; Matsuda et al., 2009; Nakajima et al.,
2012; Paul et al., 2007; Shi et al., 1996). TH transporters, deiodi-
nases, and cytoplasmic proteins regulate the amount of active TH
that gets to the nucleus from outside the cell (Bianco and Kim,
2006; Brown, 2005; van Mullem et al., 2016; Visser et al., 2010;
Yamauchi and Tata, 1997), and TR and TR co-factor expression
levels determine degree of altered TH-response gene regulation
based on the intracellular TH level (Matsuda et al., 2009; Nakajima
et al., 2012; Paul et al., 2007). Collectively, the actions of these TH
signaling genes within any one cell or tissue control whether or not
TH signaling can occur. Coordination of timing of transformation
among tissue then comes from each tissue having tissue-specific
expression levels of TH signaling genes that trigger tissue



Fig. 1. Levels of TH involvement in developmental transitions. (1) Thyroid hormone (TH) receptors (TRs) regulate metamorphic progression at endocrine, molecular, developmental,
and organismal levels (dashed arrows). TRs bind TH and heterodimerize with RXR (retinoid-X receptor) and constitutively bind DNA to regulate the expression of TH response
genes. (2) Rise in plasma TH under neuroendocrine control initiates metamorphosis. The star indicates the peak of plasma TH levels achieved during metamorphosis. TRs may
regulate several aspects of neuroendocrine control of plasma TH levels. (3) Tissue sensitivity and responsivity enable tissues to receive and react to the TH signal from the blood. TR
expression levels directly contribute to a tissue's ability to respond to TH. (4) Tissue-specific gene regulation cascades are the first response of tissues to TH signaling. Interactions of
TR with tissue-specific transcription factors and chromatin modifications determine the specific gene regulation cascades. (5) Tissue transformations result as a consequence of
altered TH-response gene regulation. Signaling through TR is required for tissue transformations to occur in wild-type animals. (6) Coordination of tissue transformations occur
within a relatively short period of time, including leg outgrowth, tail and gill resorption, and brain and intestine remodeling (little arrows). Coordination is affected by TRs through
their contribution to tissue sensitivity and responsivity. (7) Metamorphosis is the sum total of the coordinated tissue transformations.
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transformation corresponding to each tissue's threshold plasma TH
level.

Direct experimental evidence for the role of TRs in tissue
sensitivity during development stems from experiments in tad-
poles of Xenopus. In-vivo gene transfection to overexpress TR in
tadpole tail muscle cells decreased the TH concentration required
(and thus increased the sensitivity) for the transfected cells to die
by apoptosis (Nakajima et al., 2012). Also, Xenopus transgenesis
methods lead to variable expression levels of transgenes due to
position site variegation, such that transgenesis to overexpress
dominant negative TRs leads to variable amounts of resistance to
TH-induce transformation (Schreiber et al., 2001), showing that TR
signaling capacity can control the TH level required to initiate tissue
transformation.

9. Role of TR in tissue responsivity regulating timing of tissue
transformations

Tissue responsivity refers to the rate of TH-induced gene regu-
lation and phenotypic change. For example, tadpole tail tips in
culture shrink faster when treated with higher doses of TH in a
dose-dependent manner, as shown in Xenopus and desert spade-
foot toads (Buchholz and Hayes, 2005; Derby, 1968). Tissue
responsivity and sensitivity are related in that more capacity for TH
signaling (i.e., higher expression of TH signaling genes) explains
higher tissue sensitivity as well as higher tissue responsivity. It is
not clear if higher tissue responsivity is reflected in a higher
maximum expression level of TH response genes or only achieves
the maximum earlier. Correlational and experimental studies have
shown that TR expression level can affect tissue responsivity
directly. In Xenopus, hind limbs and brain express higher levels of
TRa than other tissues before metamorphosis starts (Wang et al.,
2008), and hind limb outgrowth and brain neuron proliferation
are among the earliest morphological changes evident in tadpoles
in natural and TH-induced metamorphosis, shown first in ranid
frogs (Dodd and Dodd, 1976; Kollros, 1981). Experimental over-
expression of TR by in-vivo gene transfer in Xenopus tail muscle
cells increased the rate of muscle cell apoptosis in response to
exogenous TH treatment (Hollar et al., 2011; Nakajima et al., 2012).
In TRa knock out Xenopus tadpoles, their tissues showed extreme
reduction in ability to respond to TH, again showing the TR
expression levels affects responsivity to TH (Choi et al., 2015b). In
addition, TRs regulate tissue responsivity by upregulating TH
signaling genes. For instance, many tissues have autoinduction of
TRb and induction of the TH transporter, LAT1 (Baker and Tata,
1990; Ritchie et al., 2003; Shi et al., 2002; Tata et al., 1993).
Increased expression of these TH signaling genes increases the TH
signaling capacity and thus the responsivity of the tissue.

10. TR actions in developmental transitions beyond
regulating sensitivity and responsivity

10.1. Sharpness of developmental transitions

Regulation of tissue transformation by TR is expected to cause
their transformation to be of shorter duration, thereby producing a
sharp transition from aquatic to terrestrial state. Control of devel-
opment by TRs may have this effect because of the molecular
mechanism of gene regulation by TR. Prior to the developmental
transitionwith low or no plasma TH, TR-mediated repression keeps
metamorphic genes turned off thus blocking any initiation of
transformation (Choi et al., 2015b; Shi, 2009; Wen and Shi, 2015).
As soon as a tissue-specific threshold level of plasma TH occurs, TRs
then induce metamorphic genes previously repressed to immedi-
ately initiate developmental events. The sharpness in timing of
transformation is predicted to be increased by autoregulation of
TRb and LAT1 (a TH transporter), which increases tissue respon-
sivity and thus rate of response to TH (Choi et al., 2015a; Nakajima
et al., 2012; Ritchie et al., 2003). Indeed, increasing signaling by
treating tadpoles with exogenous TH reduces the total time
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required for a tissue to transform for all known frog species (Dodd
and Dodd, 1976; Shi, 1999). Sharp transitions can be shown
experimentally by blockade of TH signaling, via throidectomy in
ranids and transgenic overexpression in Xenopus of the TH-
degrading enzyme deiodinase type 3, which each can inhibit
progress of transformation, such that not even slow rates of
transformation occur (Dodd and Dodd, 1976; Huang et al., 1999).
Addition of TH to thyrodectomized tadpoles immediately initiates
tissue transformation, creating a sharp temporal boundary for
timing of TH-dependent transformations (Dodd and Dodd,1976). In
tissues not under TH control, developmental timing is not affected
by lack of TH, e.g., the gonads in ranids (Hoskins and Hoskins, 1919;
Swingle, 1918). However, studies using TRa knockout Xenopus fail
to support a role for TR in controlling sharpness of developmental
timing (Choi et al., 2017). Lack of TRa allowed expression of low
levels of metamorphic genes with rate of progress through tissue
transformation in TRa-dependent tissues, e.g., hind limb compa-
rable to wild-type tadpole, where the same number of days were
required to pass through TH-dependent hind limb stages (~15 days
from NF54-57). Additional studies on other TH-dependent tadpole
tissues in TRa and TRb double knockout tadpoles are needed to
identify a potential role of TR in control of sharpness of the tran-
sition. Such mechanisms may be informative in evolutionary
studies, where evolutionary alteration of the degree or dependence
of TH signaling may underlie phenotypic differences in TH-
dependent traits among species (Buchholz and Hayes, 2005;
Hollar et al., 2011).

10.2. TH-response gene induction and cell fate determination

The dual function model indicates that gene induction by TH
signaling is required for developmental progression of TH-
dependent events. However, hind limbs, which are believed to be
dependent on TRa only, developed to their full extent in TRa knock
out animals (Choi et al., 2017). This result implies that levels of gene
induction afforded by TH/TR during normal wild-type development
is not necessarily required to achieve tissue transformation. Rather,
de-repressed levels of TH-response genes appear to be sufficient to
allow transformation to proceed to completion, at least in hind
limb. Whether or not these effects of TRa in hindlimb generalize to
other TH-dependent tissues that express significant levels of TRb in
addition to TRa will await examination using TRa/b double
knockouts.

Another implication from the complete hind limb development
in TRa knock out animals is that TH signaling apparently allows a
predetermined fate to occur rather than determining the nature of
the transformation. In wild-type animals, lack of TH signaling (due
to thyroidectomy in ranids or methimazole treatment in Xenopus)
puts developmental fate virtually on hold rather than allowing the
tissue/organ to develop along a different developmental path
(Brown et al., 2005; Brown and Cai, 2007; Hoskins and Hoskins,
1919). Also, inducible overexpression of a dominant positive TR in
transgenic Xenopus induced normal transformation in the many
tissues examined, suggesting that TR signaling is sufficient to allow
development to proceed (Buchholz et al., 2004). Thus, TH signaling
in a tissue seems to act like opening a flood gate rather than
swiveling a railroad switch telling tissues not what to do, but when
to do it.

On the other hand, in some cases, treatment with exogenous TH
does not recapitulate natural metamorphosis. A clear example is
lung development in bullfrogs, where TH treatment causes thick-
ened connective tissue rather than a thin tissue for gas exchange
observed in natural metamorphosis (Atkinson and Just, 1975).
However, the reason for this lack of induction of normal develop-
ment by TH signaling alone is not known. Possible explanations are
that other hormones are required to interact with TH in some tis-
sues, the tissues may not be fully competent to respond to TH
appropriately, or the doses of TH may be pharmacological resulting
in unnatural phenotypes. Speaking to the possibility of other hor-
mone involvement, a microarray analysis of gene expression after
TH and/or corticosterone treatment showed that regulation of
nearly 20% of the genes regulated by TH was antagonized by
corticosterone, indicating that the nature of tissue transformation
may not simply be characterized as a switch to allow development
to occur (Kulkarni and Buchholz, 2012). Also, hypophysectomized
tadpoles of Alytes treated only with TH failed to metamorphose
unless stress hormone was also added (Remy and Bounhiol, 1971).

11. Conclusions and future directions

Numerous insights into the roles of TRs in developmental
transitions have come from studies on metamorphosis in Xenopus
and other frog species. TRs contribute to aquatic to terrestrial
developmental transitions at several levels by regulating TH-
response genes underlying tissue transformations and by control-
ling the timing of these transformations throughout the organism
via their roles in tissue sensitivity and responsivity toTH (Fig. 1). TH
signaling seems to affect only timing rather than fate of tissue
transformations, though there is evidence that TH alone is not
sufficient to complete metamorphosis (Atkinson and Just, 1975;
Remy and Bounhiol, 1971). Additional fundamental aspects of TR
in developmentwill come through continuedmolecular, endocrine,
and developmental analyses using transgenic and knockout frog
models. Promising directions particularly suitable for Xenopus
studies include 1) using global methods of genome and network
analysis to better understand mechanisms of gene regulation
particularly as it relates to the epigenetic mechanisms involved
(Sachs and Buchholz, 2017), 2) examining new indications that
thyroxine (T4), triiodothyronine (T3), and additional iodothyr-
onines may have distinct and relevant biological roles (Helbing
et al., 2007; Maher et al., 2016; Mendoza et al., 2013), 3) deter-
mining how multiple hormones interact, such as TH and stress
hormones, to accomplish the developmental transition, especially
how the environment may modulate the timing of developmental
transitions (Denver, 2009; Kaltenbach, 1996; Kulkarni and
Buchholz, 2014), 4) elucidating mechanisms and consequences of
endocrine disrupting chemicals on development (Hayes et al.,
2006; Helbing, 2012; Opitz et al., 2005), and 5) providing insights
into how evolutionary changes in control of developmental tran-
sitions by TH signaling may explain divergent phenotypes among
species (Buchholz et al., 2011).
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