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T3, the active form of thyroid hormone, binds nuclear receptors that regulate the transcription of
a large number of genes in many cell types. Unraveling the direct and indirect effect of this
hormonal stimulation, and establishing links between these molecular events and the developmental and physiological functions of the hormone, is a major challenge. New mouse genetics
tools, notably those based on Cre/loxP technology, are suitable to perform a multiscale analysis of
T3 signaling and achieve this task. (Molecular Endocrinology 28: 429 – 441, 2014)

hyroid hormones (THs, including T3 and T4, the low
activity precursor of T3) exert a pleiotropic influence
on development and adult homeostasis in all vertebrates.
In humans, early T3 deficiency, ie, congenital hypothyroidism, broadly alters development, the most visible consequences being mental retardation and skeletal growth
defects. Adult hypothyroidism also has a detrimental influence on hepatic metabolism, heart rate, fertility, and
water balance, among other physiological processes. T3
acts mainly by binding to nuclear receptors (thyroid hormone receptor [TR]␣1, TR␤1, and TR␤2, collectively
called TRs, respectively encoded by the THRA and
THRB genes). TRs are ligand-dependent transcription
factors present in all cell types, which directly regulate the
transcription of a large number of genes (1). They do so
by binding to DNA response elements that are mainly
related to the DR4 consensus element (5⬘-AGGTCANNNNAGGTCA-3⬘), recognized by a TR/retinoid X
receptor heterodimer. This response element is also recognized by other nuclear receptors (liver X receptor,
farnesoid X receptor, etc), raising many possibilities, for
cross talks (2). Unliganded DNA-bound TRs recruit transcription corepressors on the chromatin. Upon ligand
binding, corepressors tend to be released and coactivators
recruited (3). The balance between corepressors and co-
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activators association is thus defined by T3 concentration.
Several alternative possibilities have been proposed to this
canonical model (3–5). Among these, the so-called “nongenomic” pathways remain a controversial issue, recently
discussed by others (6 – 8). There are, to our knowledge,
no published evidence for TH response in mice knocked
out for both THRA and THRB (9). Therefore the possibility remains that the nongenomic responses to TH are
not independent of the canonical pathway, but reflect a
rapid modulation of the canonical pathway by posttranslational modifications of TRs or its cofactors.
Establishing a link between the known physiological
and developmental functions of T3 and gene regulations
exerted by TRs is a major challenge. The gap between the
findings in animal studies and observations in cultured
cells or in vitro systems, needs to be filled. A recent effort
to review and standardize the tools and approaches used
in cellular and animal models, as well as recognize their
limitations, is an important step (124). Another promising approach to address the gap is to perform a genomewide analysis of gene expression after pharmacologic
treatments in genetically manipulated animal models. Recent years witnessed a rapid accumulation of such transcriptome data and led to the identification of a large
number of putative TR target genes in various cell types.
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However, up to now, this did not bring much clarification
on T3 mode of action. We argue here that this difficulty is
due to our limited understanding of the cellular response
of many cell types to TH. Without this knowledge, it is
difficult to distinguish between the primary transcriptional response of TR-expressing cells and the secondary
consequences on the cellular environment. The main difficulty is not to identify more T3-regulated genes, but to
unravel the direct and indirect influence exerted by TH in
vivo on cell types that are in permanent interaction.

Direct and Indirect Effect of TH
Treatments
TR target genes are defined as genes for which transcription initiation is modulated by the physical interaction of
liganded or unliganded TRs with regulatory DNA sequences found in enhancers, promoters, and introns. However, most of the investigations aiming at recognizing TR
target adopt an indirect approach, based on comparative
RNA analysis. RNAs are extracted from tissues prepared
from hypothyroid and euthyroid animals, or preferably hypothyroid animals in which TH levels are restored for a few
hours. In such settings, the transactivation of TR target
genes is accompanied by 3 types of indirect effects.
Systemic effect of TH
Among the TR target genes are genes encoding transcription factors and cofactors. For example Dbp, Klf9
(10), and Hairless (11) are well-characterized TR target
genes in several cell types, and their products exert a regulation on gene expression rapidly after T3 stimulation.
What we call secondary target genes are the genes that are
quickly regulated in the T3 sensitive cells by these cascades of gene regulation events subsequent to T3 stimulation. One way to limit secondary response is to introduce cycloheximide, which inhibits mRNA translation.
However, due to its toxicity, this treatment is only possible for a short time, and is used only for cultured cells.
Based on the criterion of cycloheximide sensitivity, secondary response already represents 20% of the T3-induced changes in gene expression within 3 hours (12).
Local effects vs cell-autonomous effects
The direct and secondary responses to T3 described
above are cell autonomous. However, some of the genes
that are directly and indirectly regulated by T3 encode
secreted proteins or influence their production: extracellular matrix components, growth factors, etc. T3 can thus
modify the cellular microenvironment and have a local,
but not cell-autonomous, influence. For example, in the
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granular cell progenitors of cerebellum, Ccdn2 encoding
cyclinD2 is up-regulated by T3, but this regulation is relayed by neurotrophins. A likely candidate is Neutrophin
3 (13), which is encoded by Ntf3, a gene that is also
unlikely to be itself a TR target gene (14). The relation
between Ccdn2 up-regulation and T3 is thus very indirect
and not fully understood.
Systemic effects correspond to the many circumstances
in which T3 exerts a long-distance indirect influence, far
from the T3-responsive cells. One obvious possibility,
which will not be discussed in detail, comes from the fact
that T3 exerts a global influence on energy metabolism in
many tissues, including adipose tissue, liver, and muscle.
The feedback regulation of the hypothalamus-pituitarythyroid (HPT) axis also reflects the possibility for T3 to
exert long-distance influence: T3 down-regulates TSH
production by pituitary, and the change in TSH circulating level is sensed by thyrocytes in the thyroid gland.
Although this is a matter of controversy, TSH might also
act on other cell types expressing the TSH receptor, like in
bone (15, 16). Prolonged disruption of the HPT axis induces several other changes in serum composition, altering, in particular, glycemia and the circulating level of
cholesterol. Although this is not documented, the serum
levels of other bioactive iodinated compounds might be
also affected. These include thyronamines (17) and 3,5diiodo-L-thyronine a compound the biosynthesis pathway
of which is unknown and should not be confused with the
inactive 3,3⬘-diiodo-L-thyronine, the product of T3 deiodination (18). T3 in the hypothalamus also regulates the
activity of the autonomous nervous system, therefore
contributing at the central level to setting the sympathetic
tune of peripheral organs stimulation. Additional indirect
effects would be worth considering. For example, cerebellum hypotrophy, delay of granule cell migration, increased cell death, and stunted Purkinje cell arborization
are all neurodevelopmental defects associated with congenital hypothyroidism. Strikingly, these can also be induced by a hepatocyte-specific mutation of Pex5, disrupting peroxisomal fatty acid ␤-oxidation only in these cells
(19). Similarly osteocalcin secretion by bone, which is T3
sensitive (20), influences fertility (21) and brain development (22). One may therefore suspect that some of the
neurodevelopmental defects associated with congenital
hypothyroidism result from initial defects taking place in
liver, bone, or placenta (23–25).

Experimental Strategies to Recognize
Direct and Indirect Influence of TH in Vivo
Chromatin occupancy by TR
The current trend is to define direct TR targets by
addressing chromatin occupancy of regulatory sequences
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by immune-precipitation of cross-linked TRs containing
complexes. Due to the difficulty of producing antibodies
of sufficient quality, this has been done only occasionally
on defined genomic regions (14, 26 –29). Furthermore,
the 2 first genome-wide studies, which both used tagged
version of TRs, revealed that the situation will remain
ambiguous in many cases, for 2 reasons. First, TRs can
probably regulate transcription when bound at a very
long distance from the transcription start site of a target
gene. Second, in many cases, for unknown reasons, TR
binding does not lead to the regulation of the closest
neighboring genes (30, 31). The presence of a TR-binding
site in the region surrounding the transcription start site is
thus not sufficient to recognize TR target genes. This type
of analysis also indicates that the vast majority of the
consensus DNA sequences for TR binding present in the
genome are not occupied, explaining why bioinformatics
is, at least for the moment, unable to identify TR target
genes (14). Future progress will rely on high-throughput
mutagenesis assays, and complementary techniques
based on deep sequencing such as GRO-Seq (Gene
Run-On followed by deep DNA sequencing), which identifies mRNAs during the course of transcription (32).
Primary cell cultures
An ancient, but still valid, strategy to separate the cellautonomous response to T3 from the other influences is to
use primary cell cultures (although “cell-type autonomous response” would be a more accurate description
because such analyses are not performed on single-cells).
In such settings, cell-cell interactions are limited, and a
single chosen cell type is usually favored by the culture
conditions. This approach is limited, however, to few
well-characterized cell types, and there is a general suspicion that cells will not behave in culture as they do in their
natural environment. This is notably the case for neurons
and hepatocytes, because their in vitro behavior is significantly modified by culture conditions (33). In this respect, the relevance of primary cell cultures is nevertheless
less disputable than the one of immortalized cell lines.
They can be considered as a useful complement to in vivo
exploration and efficient tools for a first identification of
putative TR target genes.
Changing TH levels and local distribution
Several tricks can be used to alter TH signaling in a
restricted manner and thus help to distinguish between
the direct and indirect effects of T3 in animals. One way is
to introduce moderate alteration of TH signaling. In this
case, compensatory mechanisms can restore normal level
of TH signaling in some, but not all, tissues. Inducing a
transient maternal hypothyroxynemia, ie, low T4 level
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with nearly normal level of T3, by a low-iodine diet can be
regarded as a way to reduce TH signaling level in a limited
number of fetal organs. Due to the variable ability of
tissues to metabolize TH, this has a differential effect on
tissue T3 content. When this status is maintained for few
days only during fetal development, several neuronal migration processes are impaired in the cortex, but neuronal
differentiation is only delayed (34 –36). These subtle interventions of TH signaling demonstrated that T3 exerts
several distinct influences on cortical migration and differentiation of cortical neurons. It is also conceivable to
use synthetic TR ligands (37) to exert a limited perturbation of TH signaling in specific organs (38). Only a few of
such ligands have been obtained. Due to their relative
selectivity for TR␤1/2 and their preferential uptake by the
liver, GC-1 (39) and KB2115 (40) can influence liver metabolism without altering heart rate. However, using
these molecules to analyze the direct and indirect influence of TH signaling requires a precise assessment of possible side effects.
Local delivery of T3 can be performed either by direct
injection or implantation of minipumps. With the help of
stereotaxy, it is feasible to stimulate TH signaling in specific brain areas in rats, and also, to some extent, in mice.
This key innovation has allowed the demonstration that,
within the hypothalamus, T3 triggers 2 completely different responses: in the arcuate nucleus, T3 injection triggers
a rapid activation of the mammalian target of rapamycin
pathway, whereas in the ventromedial nucleus, it induces
the slow onset of the AMP-activated protein kinase pathway. The effect of T3 in arcuate nucleus is related to food
intake, whereas in the ventromedial nucleus it specifically
regulates the sympathetic stimulation of brown adipose
tissue and heat production (41, 42). In a third hypothalamic nucleus, the paraventricular nucleus, T3 activates
the sympathetic stimulation of glucose production by the
liver (43). A population of parvalbumin-expressing neurons that requires TR␣1/T3 signaling for their differentiation has recently been identified in the anterior hypothalamus. Specific ablation of these cells results in
hypertension and temperature-dependent tachycardia,
indicating a role in the central autonomic control of blood
pressure and heart rate (44). These experiments outline
the paramount importance of T3 function in the hypothalamus and suggest that many peripheral functions of T3
are, at least in part, relayed by the hypothalamus. Somatic
gene delivery in hypothalamus has been performed, using
adenovirus (41) or naked DNA (45) to manipulate local
T3 signaling by overexpressing or knocking down TRs
and getting clues on the underlying gene regulations.
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Introducing germline mutations in mice to alter TH
transport and metabolism
Mouse genetics offers a number of possibilities to manipulate the local TH signaling. Many germline mutations have been produced in mice, altering the TH signaling level at various levels: TH production, transport,
deiodination, and TR-mediated transcriptional response.
Some of these germline mutations have a highly specific
influence on TH signaling, which is limited compared
with TH-deficient mice. First, mutations of genes encoding transporters have moderate consequences on mouse
development and homeostasis. Oatp1c1 knockout reduces TH content only in brain and has limited developmental consequences (46). Mct8 knockout also limits the
entry of TH in brain while increasing the circulating level
in blood (47). Interestingly, only a small fraction of T3responsive genes in mouse brain are sensitive to Mct8
knockout, an alternative pathway involving local deiodination of T4 compensating for the transporter defect (48).
Surprisingly, serum and brain T4 content were found to
be normalized in the Mct10/Mct8 double-knockout mice,
whereas the hyperthyroid condition in liver, kidneys, and
thyroid gland was aggravated (49). This suggests that in
these organs, both transporters contribute to the TH efflux. However, like many other TH transporters, MCT10
is not TH specific.
One straightforward way to alter TH signaling in a
limited and highly specific manner is to modify deiodinase
expression levels. Type 1 deiodinase is present mainly in
liver and has a dual effect on T3 level, converting T4 into
T3, and then T3 into T2. Its elimination by gene knockout
has no obvious effect on the circulating level of T3 (50).
Type 2 deiodinase, encoded by Dio2, is found in several
tissues and performs a local conversion of T4 into T3.
Dio2 knockout has a moderate effect on development,
visible in muscles (51) or inner ear (52) where local conversion of T4 is required to maintain normal concentration of T3. The impaired thermogenesis of these knockout
mice correlates with their high susceptibility to obesity
when placed on a high-fat diet (53). As expected, the lack
of type 3 deiodinase, the enzyme that catabolizes both T4
and T3, results in neonatal thyrotoxicosis. This is followed later by an surprising central hypothyroidism that
persists throughout life (54). However in these Dio3
knockout adult mice, T3 tends to accumulate over time in
the anterior cortex and other specific brain areas (55).
The same progressive accumulation of T3 takes place in
the heart, resulting in restrictive cardiomyopathy (56).
Introducing germline mutations in mice to alter
cellular response to T3
An alternative way to alter TH signaling is to mutate
genes encoding the TRs. Whereas THRA expression is
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ubiquitous, THRB expression occurs at late developmental stages in a limited number of tissues. THRB knockout
results in elevated TH levels, indicating a predominant
function in feedback regulation of the HPT axis (57).
Normalizing TH levels with drug treatment in these mice
allows distinguishing between the consequences of impaired TR␤1/2-mediated response and those of increased
T3 availability. The expression of the TR␤2 isotype is
restricted to a few cell types in retina, hypothalamus, pituitary, and inner ear. The selective elimination of TR␤2
has thus less pleiotropic consequences and was used to
prove the implication of this receptor in HPT axis regulation (58) and differentiation of retina cone photoreceptors (52). For reasons that have been discussed elsewhere
(59), the first reported THRA knockout mutation was
lethal (60). This is an exception, however, and, despite
ubiquitous and early THRA expression, knockout normally leads to a milder phenotype than complete TH deficiency, which is lethal a few weeks after birth (61). The
attenuated phenotype of THRA knockout compared with
hypothyroidism received 2 explanations: first, the functions of THRA and THRB are sometimes redundant, as
shown by combining both mutations (62, 63). Second,
most manifestations of TH deficiency during development are consequences of the presence of unliganded
TR␣1 on target genes, which exerts a negative influence
on gene expression. This repression of transcription is lost
in knockouts. This is evidenced by the paradoxical improvement of phenotype provided by THRA knockout in
TH-deficient mice (64, 65). Accordingly, unlike knockouts, the THRA “knock-in” germline mutations, which
change TR␣1 reading frame to turn the receptor into a
constitutive repressor, can lead to a phenotype that is very
similar to congenital hypothyroidism. Several of these
point mutations have been produced, which either reduce
the affinity for T3 or prevent coactivators recruitment,
but preserve DNA binding (reviewed in Reference 66).
The residual sensitivity of one of these TR␣1 mutant
receptors (TR1␣R384C) to T3 binding (67) has been cleverly used to differentiate between direct and indirect effect
of T3. The analysis of this model provides a good illustration of the difficulties in interpretation inherent to this
type of model. Adult behavior reveals signs of high anxiety in TR1␣R384C/⫹ mice, notably demonstrated by the
reduced exploration of open arms in an elevated plus
maze (68). However, the mice have difficulties in balancing, due to altered cerebellum development, as shown by
a rotarod test. Such locomotion troubles introduce a confounding factor on the elevated plus maze test. However,
when treated with high doses of TH at early stages, proper
cerebellum development and locomotion are restored.
The T3-rescued TR1␣R384C/⫹ mice still display altered
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behavior on the elevated plus maze, reinforcing the interpretation that impairing TH signaling in adults results in
high anxiety. When born from THRB knockout mothers,
TR1␣R384C/⫹ mice receive high TH levels during fetal
growth, and their development is also improved (67). Furthermore, the TR1␣R384C/⫹ mice are hypermetabolic.
This was originally attributed to a defect in sympathetic
stimulation of the brown adipose tissue (69). More recent
and convincing evidence suggests that the initial defect is
permanent vasodilation (70), which favors caloric exchanges. When mice are raised below thermoneutrality,
the hyperactivity of the brown adipose tissue, triggered by
sympathetic stimulation, is thus a compensatory response
required to counterbalance excessive heat dissipation.
Deeper analysis of endothelial cells may thus be the way
to pinpoint the origin of hypermetabolism.
The genes encoding TR coactivators and corepressors
have also been knocked out. However, these cofactors
usually interact with many other nuclear receptors and
transcription factors. Few studies, with the exception discussed below (71), have tried to precisely isolate the influence of these knockouts on TH signaling. For example,
knocking out the Ncoa1 gene, encoding the steroid receptor coactivator 1 histone-acetyl-transferase coactivator,
alters the HPT axis. It does so by reducing the pituitary
sensitivity to TH, leading to the proposal that TSH downregulation requires the presence of this coactivator (72).
Reciprocally, one would expect that eliminating nuclear
receptor corepressor (NCoR) or silencing mediator of retinoid and thyroid hormone receptor (SMRT), the two
main TR corepressors that possess the opposite histone
deacetylase activity, would increase TH sensitivity of pituitary. This was actually observed for a mutation eliminating the domain of SMRT, which interacts with nuclear
receptors. This mutation also entails a reduction of hypothyroidism-induced hypercholesterolemia (73). In the
C57/Bl6 genetic background, this SMRT mutation provokes a respiratory distress syndrome that is often lethal
after birth. Making the mice hypothyroid at late gestational stage favors survival. This observation led to the
still isolated proposal that enhanced TH signaling compromises type I pneumocytes differentiation and lung
maturation (74). The Ncor⌬ID mutation has a more specific effect than a complete NcoR knockout, which leads
to embryonic lethality. The Ncor⌬ID mutation prevents
the interaction with unliganded TRs but preserves ability
of NCoR to form complexes with some other nuclear
receptors. The mutation has very limited consequences. It
mainly decreases serum TH levels while increasing tissue
sensitivity to T3 (71). It also counteracts the negative effect of TR mutations (75, 76).
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In summary, 20 years after the initial knockouts, many
ambiguities remain regarding the primary defects induced
by the mutations that alter the T3/TR signaling pathways,
and phenotype analysis keeps bringing unexpected
results.
Generation of somatic mutations by Cre/loxP
recombination
A major breakthrough in mouse genetics was the development of the Cre/loxP technology, which was initially promoted to study the in vivo function of other
broadly expressed nuclear receptors (77, 78). This approach is safer than overexpression of mutant receptors
from tissue-specific promoters (79) that could be suspected to create artifactual cross talks. A collective effort
keeps producing a number of well-characterized transgenic mice expressing the Cre recombinase or its tamoxifen-inducible version Cre-ERT2 (80) with a well-characterized temporal and spatial pattern (81). This is a crucial
technical point because the recombination pattern does
not always reflect the previously reported expression pattern of the driver promoter. Combined with the so-called
“floxed” alleles, in which loxP sequences are introduced
in the targeted locus, these can provide a plethora of new
models suitable to unravel direct and indirect T3 influences. Appropriate control mice are also necessary, because prolonged expression of Cre at high levels per se can
have side effects (82). To date, only 4 floxed alleles have
been produced for genes exerting a specific function in
TH signaling: Dio2, THRA, THRB, Ncor1 (Figure 1).
The TR␣1L400R mutation is encoded by the TR␣AMI allele. Its expression requires the Cre-mediated deletion of a
stop cassette. The L400R amino acid substitution was
chosen to maximize the dominant-negative effect based
on structural studies (83). In vitro experiments suggest
that TR␣1L400R can exert dominant-negative activity toward intact TR␣1 but also, to a lesser extent, toward
TR␤1/2. However, systematic survey of cell types in
which TR␤1/2 has a predominant function, as defined by
knockout studies, suggests that in these cells TR␤1/2
function is not impaired. This includes the retina, in
which opsin cone expression is not altered, and inner ear
(84). In juvenile liver, in which TR␤1 is thought to be
predominant, genes encoding phosphoenolpyruvate carboxykinase and pyruvate kinase are nevertheless downregulated after ubiquitous TR␣1L400R expression. However, these alterations are not cell-autonomous
consequences of the mutation (85). After Cre -mediated
deletion, the NcoR1lox allele produces the NCoR⌬ID mutant corepressors, which are unable to interact with TRs.
As expected, liver-specific recombination limits the
down-regulation exerted by TRs in case of TH deficiency
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(86) and protects against the deleterious effect of the
TR␣1PV and TR␤1PV mutations (75, 76). Floxed alleles
have been produced for other genes involved in TH sig-
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naling, such as the steroid receptor coactivator 1 coactivator (87) but, to our knowledge, not yet used to specifically assess T3 response. In the following section, we
review some recent contributions illustrating the potential of the Cre/
LoxP approach to analyze the various levels of T3 action in vivo.

Somatic Mutations
Generated by Cre/loxP
Recombination Highlight
Mechanisms Underlying
Development and Adult
Maintenance by TH

Figure 1. Floxed alleles of genes with a specific function in TH signaling and their Cre-mediated
recombination products. Cre recombination deletes the Dio2lox from the exon encoding the
catalytic domain of type 2 deiodinase (90). Elimination of Dio2 prevents the local deiodination of
T4 and produces a local T3 deficiency, in several tissues, including several brain areas, skeletal
muscle, skin, pituitary, inner ear, and adipose tissues. The TR␣AMI allele (84) carries a floxed
cassette with polyadenylation signal, preventing expression of a downstream cDNA encoding the
TR␣1L400R dominant-negative mutant receptor receptor (mutation is indicated by the star). Cremediated recombination eliminates the cassette and triggers TR␣1L400R expression in virtually any
cell type because Thra expression is nearly ubiquitous. The IRES-TauLacZ cassette was introduced
to monitor recombination by testing for ␤-galactosidase activity, which is, however, too low for
easy detection. Therefore, assessment of recombination usually relies on the presence of a
supplementary reporter transgene (122, 123). Because a strong phenotype is observed in
heterozygous mice, new Cre/TR␣AMI combinations can be generated within a single mouse
generation. TR␤lox (101) allows the elimination of exon 4 encoding the DNA-binding domain
(DBD) shared by TR␤1 and TR␤2 and introduction of a frameshift for translational arrest. P1 and
P2 are transcription promoters for TR␤1 and TR␤2 mRNA transcription. It can be used to
eliminate TR␤1/2-mediated response in cells that express this receptor: hepatocytes,
cardiomyocytes, pituitary thyrotropes, retina photoreceptors, etc. Cre recombination of the
Ncor1lox allele (86) eliminates only exons encoding the RID3 domain of the corepressor that is
required for TR interaction without changing the reading frame. Therefore, the NCoR1⌬ID
mutation preserves interactions with some other nuclear receptors and has limited
developmental consequences. The mutation increases the sensitivity to T3 stimulation of the cells,
such as hepatocytes, in which NcoR is a predominant corepressor. IRES, internal ribosome entry
site; PGK, phosphoglycerate kinase; RID, receptor interaction domain.

HPT axis
For a long time, the molecular
mechanisms underlying the negative
regulation exerted by T3 on TSH
production by pituitary thyrotroph
cells has been a matter of controversy. It seems paradoxical that liganded TRs can exert a negative influence on the transcription of the 2
Cga and Tshb genes, which encode
the 2 subunits of TSH. In vivo analysis is complicated by the fact that
TRH (a hypothalamic peptide) production is also repressed by T3 and
exerts an important control on TSH
production by thyrotroph cells. In
the absence of appropriate primary
cell cultures, different cell lines have
been used to study TSH regulation.
The less questionable model is the
T␣T1.1 cell subclone of the T␣T1
mouse thyrotroph cell line in which
the physiological regulation of Tshb
(but not of Cga) by T3 is maintained
(88). In these cells, TR␤1/2 is bound
to the Tshb proximal promoters. Although present in the cells, TR␣1
can bind to the same DNA sequences only after TR␤1/2 depletion. This observation fits nicely
with in vivo data, which indicate
that THRA knockout has no influence on Tshb expression level, and
TSH circulating level, unless THRB
is knocked out (62, 63). As expected, T3 treatment is unable to
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suppress Tshb expression and TSH production in transgenic mice expressing a dominant-negative mutation of
TR␤1, even when expression of this mutation is only in
thyrotroph cells. In these mice, the excess in TSH production should result in increased activity of the thyroid
gland. Surprisingly, however, the serum T4 level remains
within normal range. This suggests that the TSH produced in excess is inactive and that TSH bioactivity is
determined by a factor extrinsic to the pituitary, probably
TRH. Whereas both TRH and TSH levels are increased in
hypothyroid animals, only TSH production is increased
here, and this increase alone seems insufficient to stimulate thyrocyte function (89). The Ncor1lox allele was used
to generate mice with a mutation restricted to anterior
pituitary. These mice have reduced Tshb expression.
Therefore the down-regulation of Tshb is a cell-autonomous consequence of NcoR1 mutation (29). Although
this would require direct demonstration by biochemical
means, this observation strongly suggests that unliganded
TR␤1/2 recruits the NcoR corepressor to transactivate
Tshb.
Cre/loxP recombination was also used to specifically
eliminate type 2 deiodinase from pituitary cells (90)(Table 1). In these mice, the serum levels of T4 and TSH are
increased, but T3 level is not. This suggests that intrapituitary T4 deiodination is required for proper feedback
regulation of TSH secretion. This also implies that thyrotroph cells mainly sense the circulating level of T4, rather
than T3. Further analysis confirmed the reduced sensitiv-

Table 1.
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ity of thyrotroph cells to T4 but intact TRH sensitivity. In
hypothalamus, in which deiodination is preserved, the
increase in T4 level results in the expected decrease in
TRH gene expression. This seems again to decrease the
TSH bioactivity, probably by impeding posttranslational
maturation events, such as glycosylation (91). Finally, it
was recently found that the specific elimination of THRB
from thyrocytes was sufficient to alter the HPT axis. This
somatic mutation decreases thyroid gland size and activity. Although the underlying mechanism is not understood, this indicates that a direct response of thyrocytes to
T3 can participate in the HPT regulation, a possibility that
has been previously overlooked (92). Surprisingly T3 level
remains within normal range in the serum of these animals, whereas T4 level is increased. Due to intrapituitary
T4 deiodination, the excess of T4 results in decreased TSH
level that, in turn, alters thyrocytes activity. Therefore
although the mutation is restricted to thyrocytes, some of
the observed changes are not cell-autonomous consequences of the mutation but secondary to decreased stimulation by TSH. Accordingly, after TH treatment, TSH
level is suppressed, in both mutant and control mice, and
several differences in mRNA levels are erased. However,
lower levels of Dio1 and Dio2 expression in thyrocytes
persist after TH treatment. This suggests that impaired
deiodination is a cell-autonomous consequence of THRB
mutation in thyrocytes, and a possible primary cause of
the HPT axis phenotype.

A Collection of Mouse Models With Somatic Mutations Altering TH Signaling

Floxed
Gene
Dio2
Dio2

Cre and Driving
Promoter
CGA-Cre
GFAP-Cre

Cell Types
Pituitary cells
Astrocytes

Dio2

Fabp4-Cre

Adipocytes

Dio2
NcoR
Thra
Thra
Thra
Thra
Thra
Thra
Thra
Thra
Thra
Thra
Thra
Thrb
Thrb
Thrb

MLC-Cre
CGA-Cre
CAG-Cre-ERT
Nestin-Cre
Cnp-Cre
PDGFR␣-Cre-ERT2
Ptf1a-Cre
L7-Cre
Otx2-Cre-ERT2
Glast-Cre-ERT2
Thyr-Cre
Amh-Cre
Math1-Cre-ERT
Prestin-Cre
Math1-Cre-ERT
MHC␣-Cre

Myocytes
Pituitary cells
All cells after tamoxifen treatment
Whole brain
Oligodendrocytes and neurons
Several cell types after tamoxifen treatment
GABAergic neurons including Purkinje cells
Purkinje cells after P8
Granular cells
Astrocytes and Bergmann glia
Thyrocytes
Sertoli cells
Inner ear hair cells
Inner ear hair cells
Inner ear hair cells
Cardiomyocytes

Direct Effect
High TSH level
Normal TSH level. Increased fatty acid
oxidation for energy expenditure.
Increased carbohydrate oxidation for
energy expenditure
No metabolic phenotype
Low TSH level
Reduced postnatal growth.
Lethality
OPCs proliferation in adult brain
Delayed myelination
Altered neuronal differentiation.
Reduced synaptic density
No effect
Altered Bergmann glia
Low T4 level
Testis development
Increased auditory response
Decreased auditory response
Decreased auditory response
No effect

GFAP, glial fibrillary acid protein; MHC, myosin heavy chain; PDGFR, platelet-derived growth factor receptor.
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Hearing onset
Knocking out Dio2 in mice results in low local TH
signaling and impairs auditory function. Histologic analysis reveals retarded differentiation of the cochlear inner
sulcus and sensory epithelium and deformity of the tectorial membrane (93). The local deiodation of T4 is thus
required soon after birth for proper inner ear maturation.
Reciprocally increasing the local level of T3 by Dio3
knockout also compromises hearing onset, by inducing
premature cochlear differentiation (94). A proper timing
of T3 stimulation is thus required for cochlea postnatal
maturation. Like human patient with 2 THRB-null alleles, THRB knockout mice are deaf (95). This phenotype
correlates with retarded cochlear development. Therefore, the phenotype of THRB knockout mice does not
result from increased level of circulating TH, but rather
from the inability of some cochlear cells to respond to T3.
As expected, combining THRB knockout with Dio3
knockout reverses the cochlear phenotype of Dio3 knockout mice from a premature state to a state of delayed
differentiation (94). By contrast, the combination of
THRA and Dio3 knockout fails to provide a similar improvement (96).
Because THRB knockout is sufficient to cause deafness, THRA auditory function has often been disregarded. However, both THRA and THRB are expressed
in the ear, notably in the outer hair cells of the developing
inner ear. THRA is specifically required for the proper
expression of Kcnq4, encoding a potassium channel, in
these cells (84, 97). If oligodendrocytes differentiation is
mainly a TR␣1 function (98), THRA mutations may also
influence auditory function by delaying auditory nerve
myelination (99). Following the general rule, according to
which THRA knockout phenotype is attenuated compared with the one of knock-in mutations, the defects are
much more pronounced in mice with the dominant-negative TR␣1PV mutation. Although THRA-knockout mice
have no hearing alteration, TR␣1PV/⫹ mice are deaf. In
the middle ear of adult TR␣1PV/⫹ mice, persistence of
mesenchyme is observed, and ossicles are enlarged (100).
Therefore, deafness may reflect the general necessity of
TR␣1 function for proper bone ossification, not for neural cell differentiation.
The respective functions of THRA and THRB in hair
cells were specifically investigated using Cre/loxP recombination. Prestin-Cre was used to produce a hair cellspecific deletion of THRB after postnatal day 11. The
mutant mice display a delayed expression of the gene
encoding large-conductance voltage and Ca2⫹-activated
potassium channel (BK channel). However they have normal hearing, indicating that the origin of hearing loss in
THRB-knockout mice manifests before postnatal day 11,
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or in cell types that are not hair cells (101). To address the
possibility for an earlier intervention of THRB in hair
cells, Math1-CreERT2 was used and tamoxifen treatment
was administered at postnatal day 3. The mice with hair
cell-specific ablation of TR␤1/2 from P3 also display normal hearing and delayed BK channel expression. However, they have slightly stronger outer hair-cell function
and slightly reduced amplitudes of auditory brainstem
responses. This is an additional indication that the function of THRB in hair cells is unrelated to the deafness
observed in THRB knockout. Hair cell-specific
TR␣1L400R expression has very subtle consequences that
point to an opposite function: the timing of BK channel
expression is not modified, but outer hair-cell function is
slightly reduced, and auditory brainstem response is
slightly enhanced. Therefore, TR␣1 and TR␤1/2 seem to
play opposing roles in hair cells. However, although both
receptors are expressed in hair cells and required for their
timely differentiation, alteration of TH signaling in these
cells is not sufficient to cause deafness (102). It seems
rather that the key TR␣1 function is in middle ear development, whereas abnormal structure of the tectorial
membrane and disturbed mechanical performance seem
to be the primary cause of the deafness observed in THRB
knockout. These conclusions would require direct genetic
demonstration and the selective introduction of THRA
and THRB mutations in the corresponding cell types.
Cerebellum postnatal development (Figure 2)
Rodent cerebellum development, which takes place
mainly after birth, is highly sensitive to TH deficiency
(103). THRA expression takes place in all cerebellar cell
layers and cell types but is higher in postmitotic neurons
(104). THRB is mainly, or only, expressed in the Purkinje
cells layer (105). In TH-deficient animals, the dendritic
arborization of Purkinje cells, a cerebellum-specific neuronal type, is reduced. The radial fibers of Bergmann glia,
which serve as tracks for the inward migration of granule
cell progenitors, are disorganized. The proliferation of
granule cell progenitors is slow, and their inward migration is impaired. The terminal maturation of GABAergic
interneurons is retarded (106). The TR␤⌬337T mutation,
which introduces a dominant-negative mutant TR␤ in all
THRB-expressing cells, alters the HPT axis regulation
and reproduces part of this phenotype (107). Whereas
some of the cytological alterations observed in
TR␤⌬337T/⫹ mice are likely to be cell-autonomous consequences of the inability of Purkinje cells to respond to
T3, others may be due rather to the excess of T3, which
overstimulates the remaining TR␣1. This is the case for a
transient foliation defect of the cerebellum. This feature
was reported in hyperthyroid rats (108) and Dio3 knock-
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out mice, in which it is reversed by knocking out THRA
(96). It might reflect a premature cell-cycle exit of granule
cell progenitors.
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Early histologic examination of THRA knockout
proved that absence of TR␣1 is not sufficient to clearly
alter neurodevelopment. This indicates that the cytological defects observed in TH-deficient
animals mainly reflect the negative
influence of unliganded TR␣1 in
cerebellar cells (64). In line with this
hypothesis, the cerebellum phenotype of mice expressing TR␣1L400R
from the very beginning of development in all tissues is identical to the
one of hypothyroid mice (109). Several Cre/TR␣AMI combinations were
used to distinguish between several
simultaneous influences of the
TR␣1L400R mutation (110). In
agreement with primary culture
data (111), early postnatal differentiation of Purkinje cells was found to
be directly controlled by the T3/
TR␣1 pathway. This would suggest
that differentiation of Purkinje cells
is a multistep process (112) and that
differentiation arrest occurs at a
later stage in mice carrying
TR␤⌬337T mutation (see above)
(107). It is difficult, however, to rule
out that the mutant receptors,
TR␣1L400R or TR␤⌬337T, exert their
dominant-negative activity on both
TR␣1 and TR␤1.
Interestingly, maturation of Purkinje cells is marked by the loss of
axon regeneration capacity, which
can be evidenced after in vitro axotomy. The loss of regenerative caFigure 2. Direct and indirect influence of T3 on postnatal cerebellum development. The
pacity is delayed by expressing
cerebellum cortex has a layered structured (EGL, external granular layer; ML, molecular layer;
TR␣1L400R in Purkinje cells. This efPCL, Purkinje cells layer; IGL, inner granular layer; WM, white matter). During early postnatal
development (left), T3 cell-autonomous function is mainly to activate the differentiation of
fect is mediated by a down-regulaPurkinje cells (green), Bergmann glia (the cerebellum radial astrocytes, in purple), and probably
tion of the Kfl9 gene transcription
also ␥aminobutyric acid (GABA)ergic interneurons (blue). The underlying genetic regulation is, for
(113). The other cell type in which
a large part, still unknown. Among few well-characterized TR target genes are Klf9, a
TR␣1L400R expression has a clear
transcription factor involved in Purkinje cells maturation, and Hr, a gene encoding a transcription
corepressor in postmitotic granule cells the neurodevelopmental function of which is unclear. The
cell-autonomous effect is Bergmann
T3-stimulated Purkinje cells secrete a number of neurotrophins and growth factors, including
glia, in which radial organization is
FGF7. These secreted factors stimulate myelin formation by oligodendrocytes in the WM and the
altered. By contrast, the defect of incell-cycle exit of granule cell precursors in EGL. Direct contacts with Bergmann glia fibers guide
granule cells inward migration. They also favor the establishment of synapses between Purkinje
ward migration of granule cell procells and GABAergic interneurons. Three weeks after birth (right, bottom), the terminal
genitors appears to be a consedifferentiation of all cell types and synaptogenesis are normally achieved. Purkinje cells axons are
quence secondary to the defects in
myelinated and EGL has disappeared. In absence of T3 stimulation (right, top), Purkinje cell
arborization is reduced, Bergmann glia extension are disorganized, and cell bodies are not
Purkinje cells and Bergmann glia difanchored in the PCL. Granule cell precursors migration is impaired. They accumulate in EGL and
ferentiation. Purkinje cells secrete a
eventually die. Terminal differentiation of GABAergic interneurons is also impaired, and density
number of growth factors and neuof GABAergic synapses is low. In the WM, oligodendrocytes differentiation and myelin formation
are delayed. FGF, fibroblast growth factor.
rotrophins that are required for the
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cell-cycle exit of granule cell progenitors that precedes
their migration. Among these diffusible factors, Fgf7 is
under T3 control. The alteration of Bergmann glia fibers
directly impacts radial migration of granule cells. That the
most visible histologic sign of TH deficiency in cerebellum, ie, the persistence of granule cell progenitors in the
external granular layer, is not a direct consequence of
deregulation of TR target genes is in agreement with the
low expression of THRA is these cells (104). The case of
oligodendrocyte precursor cells (OPCs) appears fairly
complex. Classical primary culture experiments have
demonstrated that the differentiation of these cells into
mature oligodendrocytes, which ensure axon myelination, is strictly T3/TR␣1 dependent (114). However, during cerebellum postnatal development, the delayed differentiation of OPCs in mutant mice is clearly not a cellautonomous consequence of TR␣1L400R expression, but
rather an indirect consequence of altered secretion of neurotrophic and growth factors by neurons (115). This discrepancy can be explained, however, if one takes into
account the likely existence of at least 2 distinct population of OPCs: one is active in newborn animals and ensures the initial myelination process, whereas the other is
responsible for myelin renewal in adult brain (116). Primary cultures seem to correspond to adult OPC population. Only these later OPCs would directly depend on T3
for cell-cycle exit and differentiation. Accordingly, the
cerebellar white matter of mice expressing TR␣1L400R in
OPCs only is progressively invaded by slow-cycling OPCs
over time.

Future Directions
The above genetic exploration illustrates the importance of a multiscale analysis of specific aspects of mouse
phenotypes before focusing on gene expression analysis.
It also underscores the interest of the new generation of
mouse models that provides the opportunity to fill the gap
between gene expression studies and physiological/developmental studies. Several attempts have already been
made to identify TR target genes from whole-cerebellum
analyses that were met with limited success (14, 28, 117,
118). Retrospectively, this is not surprising because the
cell-autonomous response to T3 is limited to a small fraction of the cell population and is different in different cell
types. The auditory function studies were focused on hair
cells, but mouse genetics indicates that future investigations should also include the cells surrounding the mechanosensory epithelium and the middle ear. In this review
we considered only a few examples of T3/TR-dependent
functions out of many for which investigations can ben-
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efit from this genetic approach. To be exhaustive, we
should mention, however, testis development, in which
the cell-autonomous influence of TR␣1 on the postnatal
differentiation of Sertoli cells was demonstrated (119);
the heart in which a specific deletion of THRB in cardiac
myocites has no visible consequence (120); and the energy
expenditure, as the respective contribution of brain astrocytes, skeletal muscles, and adipose tissues was analyzed
using the floxed Dio2 allele (121). Overall, a vision
emerges in which T3 coordinates cells and tissue behaviors, not by acting independently on each cell type, but by
controlling the differentiation or function of “master cell
types,” which exert an important influence on their local
or distant environment. This is unexpected considering
the broad distribution of the TRs and their ligand. Once
these cell master types are identified, genome-wide analyses of gene expression will certainly be more rewarding.
In a more general manner, current progress in the genetic
analysis of TH signaling in vivo provides an original experimental approach by which to understand the basic
mechanisms of communication between neighboring cells
and distant organs, which orchestrate development and
play a major role in the maintenance of homeostasis.
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Avci HX, Lebrun C, Wehrlé R, et al. Thyroid hormone triggers the
developmental loss of axonal regenerative capacity via thyroid
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