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Chicken and zebrafish are two model species regularly used to study the role of thyroid hormones in vertebrate development.
Similar to mammals, chickens have one thyroid hormone receptor o (TRa) and one TRf gene, giving rise to three TR isoforms:
TRa, TRB2, and TRBO, the latter with a very short amino-terminal domain. Zebrafish also have one TR gene, providing two
TRp1 variants. The zebrafish TRa gene has been duplicated, and at least three TR« isoforms are expressed: TRaA1-2 and TRaB are
very similar, while TRaA1 has a longer carboxy-terminal ligand-binding domain. All these TR isoforms appear to be functional,
ligand-binding receptors. As in other vertebrates, the different chicken and zebrafish TR isoforms have a divergent spatiotemporal
expression pattern, suggesting that they also have distinct functions. Several isoforms are expressed from the very first stages of
embryonic development and early chicken and zebrafish embryos respond to thyroid hormone treatment with changes in gene
expression. Future studies in knockdown and mutant animals should allow us to link the different TR isoforms to specific processes

in embryonic development.

1. Introduction

Thyroid hormones (THs) play an important role in devel-
opment by controlling the growth and differentiation of
almost every organ in the vertebrate body. They act mainly,
although not exclusively, by binding to intracellular TH
receptors (TRs), members of the nuclear receptor super-
family. TRs are ligand-inducible transcription factors that
bind 3,5,3'-triiodothyronine (T3) or with a lower affinity
also 3,5,3',5'-tetraiodothyronine or thyroxine (T4). They
function as homodimers or preferentially as heterodimers
with other members of the same receptor family, notably
the retinoid X receptors (RXRs). TRs recognize specific DNA
sequences in the promoter region of TH-responsive genes
and can bind to these TH response elements (TREs) even
in the absence of ligand. Generally, unliganded TRs are
bound to a set of corepressors leading to active repression of
gene transcription. Ligand binding induces a conformational

change, resulting in release of the corepressors and recruit-
ment of coactivators and stimulation of gene transcription.
The molecular mechanisms involved in TR-mediated gene
transcription have recently been reviewed in more detail by
other authors (e.g., [1-4]).

The first clear evidence for the need of THs in vertebrate
development came from frogs, where THs control the
transition from an aquatic larva to a terrestrial juvenile
during metamorphosis. Since that time, THs have been
shown to be involved not only in postnatal/posthatch
development but also in earlier stages, both in mammals
and in nonmammalian species. All vertebrate embryos have
access to THs long before the embryonic thyroid gland
starts hormone secretion, either by transplacental transfer in
mammals [5] or by TH deposition in the yolk in other verte-
brates [6, 7]. Whether or not these THs can influence early
development largely depends on the presence and tissue-
specific distribution of TRs in the species investigated. In



this paper we try to summarize the information available for
two nonmammalian model species for vertebrate embryonic
development. The chicken is a long-established model for
the study of early development. It has been a major model
in embryology for more than a century and has recently
become even more powerful thanks to the possibilities of
gain- and loss-of-function technologies [8]. The zebrafish
emerged more recently but became a mainstream model
organism for the molecular aspects of development very
rapidly, because it combines an external development and a
relatively short generation time with several possibilities of
genetic manipulation [9].

2. Different Isoforms of Nuclear TH Receptors

Vertebrates generally have two TR genes located on differ-
ent chromosomes, encoding, respectively, thyroid hormone
receptor alpha (TRa) and thyroid hormone receptor beta
(TRB). Due to ancestral gene duplication, some nonmam-
malian vertebrate species, including several fish, have two
TRa-encoding genes [10]. Each TR consists of an amino-
terminal regulatory domain, a central DNA-binding domain,
and a carboxy-terminal hormone-binding domain. The
latter not only binds THs, but is also involved in the
interaction with corepressors and coactivators, and in the
dimerisation of the receptors. The structure and function
of TRs has been very well conserved throughout vertebrate
evolution. They seem to originate from a single TR gene
that has a common ancestry with a TR gene found in
the cephalochordate Amphioxus and the sea squirt Ciona,
and interestingly even in the trematode Schistosoma. This
suggests that the origin of the TR gene goes back early in
animal evolution [11, 12]. Each vertebrate TR gene typically
gives rise to several variants through alternative splicing and
the use of different transcription start sites. In rodents, this
leads to three hormone-binding TRf variants (TRf1, TRf2,
and TRp3) differing in their amino-terminal domain, one
hormone-binding TR« variant (TRal) and two TR« variants
(TRa2 and TRa3) that have a different carboxy-terminus
and are not capable of hormone binding. In addition,
some truncated TRs have been identified (TRAS3, TRA«l,
and TRAa2) that have the capacity to bind THs but that
cannot bind to TREs [1]. So far the number of TR isoforms
identified in chicken and zebrafish is more restricted, but a
more thorough investigation may considerably increase their
number as happened in rodents over the last decades.

The presence of nuclear binding sites for T3 was first
shown in rat in the early seventies [13, 14]. Approximately
ten years later, similar studies in chicken embryos showed
that such binding sites were already present early in embry-
onic development, in liver, brain, and lung tissue [15-17].
In addition, these studies showed that shifts occurred in the
K, values for Ts binding during development and that while
nuclei purified from brain of 9-day-old embryos (E9) bound
Ts twice as good as Ty, this shifted to a 5-fold better binding
of T3 at E17 [16]. This led to the suggestion that maybe
more than one type of binding site was present and that their
relative abundance might change during development.
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The first step to the identification of the molecular
structure of TRs was made when it was shown in chicken
and in rat that the cellular counterpart of the v-erb-A gene
coded for a protein capable of binding T3 with the same
affinity as the previously identified nuclear binding sites
[18, 19]. As a result, it became clear that the previously
described chicken c-erb-A gene [20] was the gene for chicken
TRa [18]. A few years later, a cDNA encoding a chicken
TRPB was characterised. This ¢TRS closely resembled the
human and rat TRS sequences identified at that time,
but it had a much shorter amino-terminal domain [21,
22]. Shortly thereafter another TRS with a longer amino-
terminal domain was identified [23]. It closely resembled rat
TRP2 and was therefore named ¢TRf2, while the previously
identified shorter TR was named TR0 [23]. It was shown
that TRB2 was more efficient in transactivation of a reporter
gene than TRBO0 [23, 24]. All three chicken TR isoforms have
a functional hormone-binding domain and bind T; with
higher affinity than T4. No truncated or non-ligand-binding
variants have been described so far. A comparison of the
structure of the chicken and mouse TR variants is given in
Figure 1.

Two TR genes were originally identified in zebrafish,
TRa and TR, giving rise to the transcripts TRal and TRf1
[26, 27]. Zebrafish TRal showed a high similarity with TRas
from other vertebrates, but it had 14 additional carboxy-
terminal amino acids that were not found in any other
known TR [26, 28]. Zebrafish TRS1 had the typical structure
of all other TRfs including the short amino-terminal domain
[27, 29]. One year later, a second TR isoform was described
that had a 9-amino acid insert in the hinge region between
the DNA- and the ligand-binding domain [28], a feature
found in several teleost TRSs but not in other vertebrate
classes [30]. Comparison of the activity of the TRa and TR
proteins suggested that TRPB1 transactivating activity was
ligand-dependent and repressed in the absence of T3, while
TRe had constitutive transactivating activity in the absence
of ligand [27, 31].

Only recently it was shown that due to ancestral gene
duplication, zebrafish has two TRa genes and that they are
both expressed [10, 32]. The originally identified TR gene
has therefore been renamed thraa, while the second one
is called thrab. The thraa gene gives rise to at least two
proteins: TRaAl and TRaA1-2. TRaAl corresponds to the
original TRal with the carboxy-terminal extension while
TRaA1-2 does not have this extension [32]. The so-called
F domain extension does not alter the overall structure of
TRaAl, but it reduces the transcriptional activity of the
receptor by changing its affinity for the zebrafish coactivator
NCoA2 [32]. The sequence of the ligand-binding domain
of TRaB, the transcript encoded by the thrab gene, is very
similar to the one of TRaA1-2, but based on the predicted
sequence, it probably has a shorter amino-terminal domain
and some splice variations that might have functional
consequences [32]. All the zebrafish TRs mentioned above
have a functional hormone-binding domain. However, there
is some evidence for the presence of a TRS2-like transcript
that could encode a truncated TR with a complete DNA-
binding domain but no ligand-binding domain [33]. A



Journal of Thyroid Research 3
cTRa 97% 92% | 90%
50 118 408
v [ |
52 120 410
T
ZTRaAl 92% 86% : | 82%
56 124 427
ZTRaA1-2 92% 86% | 82%
56 9505 | 124 97%1 413
ZTRaB  84% 88% | 89%
14 82 371
1 1
A/B'  C 1 D/E(LBD)
(DBD)
(a
cTRBO 96% | 95%
2 100%,| 68 100% | 369
CTRB? | 96% | 7%
109 189 476
SN | |
94 174 461
mTRR? | 100% | 80%
108 188 475
zTRp1-isoform 1 E E 89% | 86%
100% 386
zTRB1-isoform 2 E 89% | 86%
19 99 377
A/B! C ! D/E(LBD)

' (DBD) '

FiGgurg 1: Comparison of mouse (m), chicken (c), and zebrafish (z) TR isoforms. (a) TR« variants and (b) TR variants. Truncated TR
isoforms that do not bind T are not included, nor are the TRf3 variants that have only been found in rats. Numbering of amino acids is
represented under each bar. Percentages within the bars are identities of that domain with the homologous domain of mTRa1 or mTRf1,
respectively. Percentages right of the bars give the overall similarity of the entire protein with the canonical mouse homolog. Percentages
in between bars show the similarity between the respective domains. A/B: A and B domain; C (DBD): C domain or DNA-binding domain;
D/E (LBD): D and E domain or ligand-binding domain. The dotted line in the D/E domain of zZTRaAl marks the first of the 14 additional
carboxy-terminal amino acids not found in the other TRs. The dotted lines in the D/E domain of zZTRp1 isoform 1 delineate a 9-amino-acid
insert that is missing in the equivalent location in zZTRf1 isoform 2 (also indicated with a dotted line). Comparisons were based on the
following UniProtKB sequences: mTRal (P63058-2), mTRpA1 (P37242-1), mTRpB2 (P37242-2), cTRal (P04625), cTRBO (P68306), cTRAB2
(Q91003), zZTRaAl (Q98867-1),zTRal-2 (Q98867-2), ZTRaB (A0ST48), zZTRB1-isoform 1 (Q9PVE4-1), and zTRB1-isoform 2 (QIPVE4-2).

comparison of the structure of the zebrafish and mouse TR
variants is given in Figure 1.

3. Expression and Distribution of
TRs during Embryonic Development

The expression pattern of chicken and zebrafish TRs has
so far been studied predominantly, if not exclusively, at the
mRNA level using techniques like Northern blot analysis, in

situ hybridisation (ISH), and quantitative reverse transcrip-
tion polymerase chain reaction (qQRT-PCR). While ISH is
the only technique providing information on the cell-specific
distribution pattern, qRT-PCR is by far the most sensitive
one. This difference in detection limit has to be taken into
account when comparing the results from different groups
published over the years.

Chicken embryonic development takes three weeks from
the beginning of incubation to hatching. Studies in early
chick embryos have shown that TR« is expressed earlier
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FI1GURE 2: Ontogenetic pattern of TRa, TRB0, and TRS2 expression in different brain regions of 4- to 12-day-old chick embryos. Specific
mRNA levels were measured by qRT-PCR and normalised against a combination of four housekeeping genes:  actin, GAPDH, f2
microglobulin, and cyclophilin A. Values represent the mean + SEM for 6 independent samples per stage.

than TRB. TRa mRNA was already detected on the first day
of incubation and whole-mount ISH in embryos after 18
to 33 hours of incubation showed the highest expression
in the neurectoderm [34]. At that time, TRf expression
was found to be extremely low [34]. This predominance
of TR« at early stages was confirmed by Northern blot
analysis showing the presence of TRe mRNA in brain, red
blood cells and yolk sac at E4, while TR0 mRNA could
only be detected from E7 onwards in yolk sac [21, 35].
Using an RNase protection assay, TR2 mRNA was first
detected at E6, specifically in the retina [23]. Recently, qRT-
PCR analysis by our own group demonstrated that all three
known chicken TR variants are already expressed in brain at
E4. Analysis of different brain regions from E4 up to E12
showed a clear and gradual increase of TR mRNA levels
in telencephalon, mesencephalon, and rhombencephalon
(including cerebellum, pons, and myelencephalon), while
the increase was marginal in diencephalon. In contrast,
expression of both TRB0 and TRB2 clearly increased in
diencephalon and rhombencephalon, whereas there was
only a small increase in telencephalon and mesencephalon
(Figure 2).

Several studies in older embryos have confirmed that
TRa and TRp are expressed in a spatiotemporal divergent
pattern and that TRa is the most widely distributed isoform.
Northern blot analysis in embryonic tissues from the second
week of incubation onwards showed TR« expression in
brain, eye, lung, kidney, heart, liver, intestine, muscle, spleen,
red blood cells, and yolk sac [21]. The high expression
in embryonic red blood cells confirmed earlier findings
obtained by ISH [35]. The TR0 signal on Northern blot was
restricted to brain, eye, lung, kidney, and yolk sac [21]. ISH
on embryonic brain samples showed that both TRa and TR
were predominantly expressed in cerebellum. However, while
TRa was abundantly present in E15 and E19 cerebellum,
TRPBO expression was still faint at E19 and increased after
hatching [36]. The same research group also found that
during eye development, there was a shift from a relatively
high TRB2 expression to a predominance of TRB0 towards
the last days of embryonic development [21]. Our group
again used qRT-PCR to analyse the expression of TRf2 in
tissues of late-stage embryos and early posthatch chicks. It
was found, as in mammals, that TRS2 expression was very
restricted in peripheral tissues. At E18 this receptor was
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mainly expressed in brain, thyroid gland, pineal gland, pitu-
itary gland, and retina, with a clear predominance in retina
[37, 38]. More detailed analysis in diencephalon, pituitary,
and thyroid gland showed a steady increase in expression
from E14 up to E20. Then levels stabilised in diencephalon
and pituitary, but they continued to increase in thyroid gland
[38].

Zebrafish development from fertilisation to hatching
only takes 3 days. The embryos are small and in most studies
complete embryos have been pooled for RNA extraction and
quantification of TR mRNA levels. Northern blot studies
showed that TReA1l mRNA was clearly present at the start
of development but those levels rapidly dropped towards the
early gastrula stage. This probably reflects the disappearance
of maternal transcripts, since TRaAl is only present in high
amounts in ovary and testis of adult zebrafish [26, 32].
Zygotic expression of TRaA1 could be demonstrated after the
mid-blastula transition about 3 hours postfertilisation (hpf)
using RNase protection and qRT-PCR, but levels remained
very low throughout embryonic and larval development [26,
32]. In contrast, after the disappearance of maternal TRaA1-
2 and TRaB mRNA, zygotic expression of these TR isoforms
was increased 5- and 28-fold, respectively, in larvae at 4 days
post fertilisation (dpf) compared to embryos at 1dpf [32].
Except for the recent study of Takayama and colleagues [32],
the available RT-PCR expression data were all obtained using
primers based exclusively on the thraa sequence and also
do not allow to distinguish the different TRaA transcripts.
Transcription levels for TRaA and TRf have been compared
during the first 12 cell cycles of the zebrafish zygote (0—4 hpf)
using semiquantitative RT-PCR. The results showed that
the level of maternal TRaA transcripts was higher than
the level of TRPI transcripts, which were already degraded
by the 2-cell stage. Zygotic expression of TRaA and TRf1
transcripts could already be shown at the 8- to 16-cell stage,
well before the mid-blastula transition and the increase
in TRaA appeared to precede the increase in TRB1 [27].
The same research group continued their studies at later
stages, showing more or less stable expression of TR« at 1,
2, and 3 dpf, while TRp, expression increased substantially
between the early gastrula stage (5-6 hpf) and 2 dpf [39]. We
measured TRaA expression by qRT-PCR at regular intervals
during embryonic development, confirming relatively high
mRNA levels at 8 hpf followed by low levels up till hatching
[7]. For TRB we found more or less stable mRNA levels
throughout embryonic development, followed by a rapid
increase around hatching [25] (Figure 3). Data of an ISH
study for a wide range of nuclear receptors showed no or only
baseline signal for TR« in zebrafish embryos, while TRf was
expressed from approximately 30 hpf onwards in the retina
and from approximately 40 hpf onwards also in the mid- and
hindbrain [10, 40].

4. TR-Mediated Actions of TH during
Embryonic Development

Thyroid hormones play a major role in the development
and maturation of most chicken organs, as is the case in
all vertebrates. In addition THs are important in chicken
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F1GURE 3: Expression of TRaA and TRp in whole zebrafish embryos
during the first three days post fertilisation. Specific mRNA levels
were measured by qRT-PCR and normalised against the housekeep-
ing gene Elongation factor la. Values represent the mean + SEM
for 3 independent samples (pools of 50-100 embryos) per stage.
The arrow indicates the average time of hatching. HPF: hours post
fertilisation. Data were taken from [7, 25].

for yolk sac retraction and hatching [41]. While it is clear
that nuclear TR-mediated gene transcription is extremely
important in the control of these developmental processes,
little is known about the specific role of each of the different
TR isoforms. In mammals, studies in transgenic mice have
contributed substantially to our understanding of the role of
each hormone-binding TR variant, leading to the conclusion
that all of them seem to have both unique and redundant
functions [42—44]. Given the high similarity of chicken TRa«,
TR0, and TRB2 with mammalian TRa1, TRB1, and TRpS2,
this is probably also the case in chicken and a number of
studies indeed point in that direction.

The relatively high expression of TRa in neurectoderm
during the first two days of incubation suggests that this
receptor plays an important role in the early development of
the nervous system [34]. At this moment, it is still unclear
whether the main function of TRs at that stage is repression
of gene transcription in the unliganded state or whether
the low amount of TH in the embryo is already controlling
ligand-dependent stimulation of gene transcription. The
latter is possible since T3 was shown to be present in the
embryo from the first day of incubation and administration
of a high dose of Ts disturbed the development of neural
tube and brain [34]. We showed that E4 embryos efficiently
take up THs from the yolk and injection of surplus hormone
at that stage is capable of changing the expression of
some TH-responsive genes, including TRs, in the embryonic
brain, indicating that ligand-dependent control of gene
transcription is possible at these early stages [45, and own
unpublished results]. The upregulation of TR protein by
T3 found in hypothalamic neurons from E6 embryos kept
in culture also points to the early effects of TH-dependent
physiological actions of TRs [46].



The relatively high expression levels of TRB2 at E6 and
its progressive decrease later on suggest that this specific
TR isoform is important for the early stages of retina
development [23]. In ovo treatment of E7 to E12 embryos
with T, accelerates the maturation of the cornea [47], but
since all three TR isoforms are expressed in chicken eye by
E9 [21, 23], this effect cannot be linked to a specific receptor
subtype. Later in development, TR2 seems to be important
in feedback regulation of the thyrotropic axis. We found that
its expression level in diencephalon and in pituitary closely
paralleled the increase in plasma T, from E14 towards a
maximum at E20 and the decrease thereafter. Moreover, a
30 min in vitro exposure of E18 pituitaries to 10 or 100 nM
T4 or T3 reduced TRB2 expression by more than half [38].
This would agree with the role of TRB2 described in the
regulation of TSH and TRH production in mice [48, 49]
and the negative effect of T3 on the TRS-mediated TRH
transcription found in primary cultures of embryonic chick
hypothalamic neurons transiently transfected with TRa or
TRp [50].

Describing the role of the different zebrafish TRs in
embryonic development is hampered by the lack of informa-
tion on their tissue-specific distribution in these early stages
since the primers or probes used in many studies, including
our own, do not allow to unequivocally identify the distinct
transcripts. Moreover, while a multitude of genes have
been knocked down using specific morpholino antisense
oligomers to study their role in zebrafish embryonic devel-
opment, the TR genes seem to have escaped notice. It has
been suggested that at the beginning of development, in the
absence of TH, TRaA1l functions mainly as a transcriptional
repressor and that it may repress retinoic acid signalling in
blastula- and gastrula-stage embryos [26]. Overexpression
of TRaAl in early development interfered with the role
of retinoic acid in the establishment of the anteroposte-
rior axis in the central nervous system and resulted in
severe disruption of the rostral hindbrain [51]. However,
although the zebrafish thyroid gland only starts hormone
secretion around the time of hatching, zebrafish embryos
take up THs from the egg yolk, and hormone-dependent
stimulation of gene transcription may occur even in early
embryos. We showed that when embryos were reared in
medium containing 5 nM T3, hormone levels in the embryos
increased dramatically, concomitant with an acceleration
of developmental rate and hatching. We also observed an
increase in the expression of TR« in Ts-treated embryos
at 48 hpf compared to controls, while TR expression was
not altered [7]. Other investigators found that immersion in
5nM T; first downregulated TRaA and TRS1 levels, while
continued treatment up to 72hpf resulted in upregulation
of expression of both genes [27]. The same group showed
that T3 treatment of zebrafish embryos starting at 48 hpf
upregulated TRa and TR expression, whereas the drug
amiodarone that can bind to TRs and antagonise their
action strongly inhibited TR and TRf expression. This
suggests that, as in early chicken embryos, TH can exert a
positive autoregulatory feedback control on the transcription
of its receptors [39]. This agrees with our studies where
we knocked down the type 2 iodothyronine deiodinase, the
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enzyme converting T4 to the receptor—active Ts. In these
embryos, TRa expression was slightly lower at 24 hpf and
31 hpf compared to controls, and TRf expression was clearly
reduced [52].

5. Conclusions

As in other vertebrates, several TR isoforms have been
identified in chicken and zebrafish. All of them appear
to be fully functional receptors and so far no truncated
TRs have been characterised. The different TR variants are
expressed throughout embryonic development in spatiotem-
poral divergent patterns. As in mammals, there seems to be
a predominance of TRa over TRf expression at the early
stages of embryonic development in both species. Before
the embryonic thyroid gland becomes active, chicken and
zebrafish embryos have access to THs from a maternal
deposit in the yolk, and it has been shown that TH
administration to early embryos can stimulate transcription
of TH-dependent genes. However, as in mammals, it remains
unclear whether the main action of TRs in the first stages of
development is the repression of gene transcription in the
unliganded form or the stimulation of gene transcription
following ligand binding. We also need more data to be
able to link the different TR isoforms to specific processes
in embryonic development, particularly in zebrafish. In
combination with data available from frogs and mammals,
this will allow identifying isoform-specific actions that
have been conserved throughout vertebrate evolution. Gene
knockdown studies and the use of mutant embryos can
certainly contribute to solve these questions in the near
future. This will even further increase the attractiveness
of these externally developing model species for functional
genomics studies in relation to the role of THs and their
receptors in human development and health.
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