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The thyroid-stimulating hormone/thyrotropin (TSH) is the most
relevant hormone in the control of thyroid gland physiology in
adulthood. TSH effects on the thyroid gland are mediated by the
interaction with a specific TSH receptor (TSHR). We studied the role
of TSH/TSHR signaling on gland morphogenesis and differentia-
tion in the mouse embryo using mouse lines deprived either of TSH
(pit?w/pit?w) or of a functional TSHR (tshr"vt/tshrhyt and TSHR-
knockout lines). The results reported here show that in the absence
of either TSH or a functional TSHR, the thyroid gland develops to
a normal size, whereas the expression of thyroperoxidase and the
sodium/iodide symporter are reduced greatly. Conversely, no
relevant changes are detected in the amounts of thyroglobulin and
the thyroid-enriched transcription factors TTF-1, TTF-2, and Pax8.
These data suggest that the major role of the TSH/TSHR pathway
is in controlling genes involved in iodide metabolism such as
sodium/iodide symporter and thyroperoxidase. Furthermore, our
data indicate thatin embryonic life TSH does not play an equivalent
role in controlling gland growth as in the adult thyroid.

he mouse thyroid gland begins to develop at embryonic day

(E)8.5 as an endodermal thickening in the floor of the
primitive pharynx. After loosing all connections with the phar-
ynx, the thyroid bud migrates caudally, reaching its final position
in front of the trachea ~E13 (1). Only after completion of
migration do thyroid follicular cells begin their differentiative
program and express thyroid-specific genes such as thyroglob-
ulin (7g), thyroid-stimulating hormone/thyrotropin (TSH) re-
ceptor (TSHR), thyroperoxidase (7PO), and the sodium/iodide
symporter (NIS) (2). Finally, primitive follicles appear, and the
gland displays its final morphological organization. Since ES.5,
thyroid precursor cells express a combination of transcription
factors such as TTF-1 (encoded by the titfl /nkx2.1 gene) (3),
TTF-2 (encoded by the titf2/foxel gene) (4), and Pax8 (5).
Gene-targeting experiments demonstrated that all these factors
are required for the early stages of thyroid development (6-8).
However, it still is unclear what the mechanisms are that lead to
the initiation of functional differentiation that only occurs at
El4.

TSH is known as the main regulator of the adult thyroid gland.
Indeed, after binding to its receptor, TSH stimulates the thyroid
cells in almost every aspect of their metabolism including
synthesis and secretion of thyroid hormones (9). Several groups
have demonstrated clearly that TSH regulates mRNA levels of
several thyroid-specific genes such as 7g (10-13), TPO (13-15),
and NIS (16, 17).

TSH also stimulates the aggregation of porcine thyroid cells in
follicles (18), and its presence is necessary to maintain the
follicular architecture (19). In the rat, there is a temporal
correlation between the increased expression of TSHR and the
formation of follicles. Indeed, TSHR mRNA is expressed by E15
(3, 20), and its expression increases on E17-E18. At this stage,
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thyroid-specific genes are up-regulated, and the formation of
colloid begins (20).

In this study we decided to investigate the role of TSH/TSHR
signaling in differentiation and morphogenesis of the developing
mouse thyroid. To this end we evaluated both the expression of
thyroid-specific genes and the morphology of the developing
gland in three mutant mouse lines deprived of either TSH or a
functional TSHR. As a model of absence of TSH we used
pit™ /pit™ (formerly Snell dwarf or dw/dw) mice (21-23). The
pit]™ allele encodes a pitl protein severely defective in DNA
binding as a consequence of a Trp-to-Cys change in the POU
homeodomain. Mice homozygous for this mutation are com-
pletely deprived of TSH, growth hormone, and prolactin (24). As
model for the absence of TSHR we used both tshr’d!/tshr’!
(formerly hyt/hyt mice) mice (25) and a mouse model in which
the tshr gene was inactivated by homologous recombination in
embryonic stem cells (26). tsh”’? mice have a point mutation in
the coding region of tshr gene that leads to the replacement of
a highly conserved proline (Pro-556) in the transmembrane
domain IV with a leucine. This mutation causes a defective
binding with TSH (27).

Activation of the TSH/TSHR pathway occurs in mice at
~E15. To determine whether some aspect of morphogenesis and
differentiation depended exclusively on the activation of this
pathway, we also generated a mouse in which a constitutively
activated form of the human TSHR (28) is expressed from E8.5
onward, i.e., from the very beginning of thyroid development.

Here we show that the TSH/TSHR signaling is not a global
regulator of thyroid function in the mouse embryo. We demon-
strate that TSH and an intact TSHR are strictly required for NIS
and TPO expression but not for Tg synthesis that occurs at nearly
normal levels also in their absence. However, mice with an
anticipated expression of a constitutively activated form of
TSHR do not show any corresponding anticipation of NIS or
TPO expression, indicating that additional mechanisms are
involved in TSH-controlled gene expression. Finally, thyroid
gland size and DNA synthesis in the fetal thyroid is unaffected
by TSH/TSHR signaling, suggesting that different mechanisms
control gland size in embryogenesis and adulthood.

Materials and Methods

Animals. Heterozygous tshr’?/* (genetic background BALB/c)
and pit1®/* (genetic background DW) mice were obtained from
The Jackson Laboratory. We crossed both strains with C57BL/6
and backcrossed mutant offspring to C57BL/6 for at least four
generations. Heterozygous mice were intercrossed to produce
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the homozygous mice used in the experiments shown here. We
included as control both wild-type C57BL/6 and heterozygous
animals from the same litter. Because for all parameters ob-
served the two controls used behave equally, only the C57BL/6
controls are shown. TSHR-knockout (KO) mice are described in
ref. 26.

Knock-In of a Constitutively Active Human TSHR cDNA into the titf1
Locus. The mouse titf] gene was isolated from a strain 129/Sv
mouse genomic library (Stratagene) by using a probe corre-
sponding to the 3" UTR of rat TTF-1 (3). To prepare the
targeting vector, a fragment extending from base pairs 4,656—
10,443 of the reported mouse genomic sequence (GenBank
accession no. U19755) containing the entire coding sequence for
TTF-1 was cloned in pBlueScript SK(—). A fragment spanning
from the translation start side of TTF-1 (base pair 7,957) to the
end of homeobox (base pair 9,480) was removed and replaced by
the sequence encoding a version of the human TSHR constitu-
tively activated (TSHR*) by a mutation in the VI transmembrane
segment (28). The simian virus 40 poly(A) sequence was inserted
downstream of the TSHR* stop codon. The construct includes
HSV-tk and PGK-neo cassettes for selection of transfected
embryonic stem cells. R1 embryonic stem cells were electropo-
rated and selected as described (8). Genomic DNA from the
neomycin resistance clone was digested with BamHI and ana-
lyzed by Southern blotting using as a probe a 500-bp fragment
spanning from nucleotides 10,512 to 11,042 of the mouse titf]
gene. Two embryonic stem cell clones in which the targeting
vector had been integrated properly were injected into C57BL/6
blastocysts. Mating of chimeras was done on a C57BL/6 back-
ground. The heterozygous #itf1 7/KI-TSHR® mice were backcrossed
for at least 10 generations to C57BL/6 mice.

Genotyping. A piece from the tail (both in the case of adult mice
and embryos) was incubated overnight at 60°C with lysis buffer
(50 mM Tris'HCl/100 mM EDTA/100 mM NaCl/1% SDS/0.5
mg/ml proteinase K), and genomic DNA was extracted by adding
0.3 volumes of 6 M NaCl and precipitated with isopropanol.

Selected regions of the mouse tshr and pit] genes were
amplified and analyzed by the single-strand conformation poly-
morphism (SSCP) method. The primers used for the amplifica-
tion were: HYT forward, 5'-GAT GGT ACG GCA TGA CCT
TC-3"; HYT reverse, 5'-AGA CGA CAA CAA AGG CAA
CAA-3’; PIT forward, 5'-TTC CTC GCA GGA GAT CAT
GC-3’; and PIT reverse, 5'-CCT TGG AAA TAG AGA ACA
GGC-3".

PCR products of 270 bp (HYT primers) and 140 bp (PIT
primers) were diluted two times in 98% deionized formamide/10
mM EDTA/0.025% xylene cyanol/0.025% bromophenol blue,
denatured at 95°C for 5 min, and loaded on a 12.5% polyacryl-
amide nondenaturing gel (Amersham Pharmacia). The gel was
run by using the Multiphore II electrophoresis unit (Amersham
Pharmacia) at 15°C, 600 V, 5 mA, and 30 W for 150 min. Gels
were stained by using PlusOne silver-staining kit (Amersham
Pharmacia) according to the supplied instructions.

To genotype fitfl1 T/KI-TSHR* mice, genomic DNA was digested
with BamHI and analyzed by Southern blotting.

Preparation of Anti-Pax8 Antibody. The sequence encoding full-
length mouse Pax8 was cloned in the BamHI site of pET 22b(+)
vector (Novagen), in frame with a sequence encoding for a
six-His stretch at its COOH terminus (Pax8-6H). The protein,
expressed in BL21(DE3)pLysS cells, was localized in inclusion
bodies. For immunization, inclusion bodies were solubilized in 6
M urea, dialyzed against 4 M urea, and injected into rabbits. A
total of six rabbits were injected s.c. with Pax8-6H every 2 weeks
for 10 weeks. On the 12th week, all the rabbits were killed, and
the immune sera were pooled, precipitated in ammonium sulfate
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to 50% saturation, and dissolved in 10 mM Tris, pH 7.5/100 mM
NaCl to obtain a crude antibody fraction.

To purify anti-Pax8 antibodies, we immobilized highly purified
Pax8-6H on Affigel 10 resin (Bio-Rad). In this case, Pax8-6H
containing inclusion bodies was solubilized in 6 M guanidinium
hydrochloride, and Pax8-6H was purified by nickel-chelate af-
finity chromatography as described in the manual provided with
the resin (Chelating Sepharose FastFlow, Amersham Pharma-
cia). The purified protein was dialyzed against 1 M guanidinium
hydrochloride/50 mM phosphate buffer, pH 7.0/0.2M NaCl/1
mM EDTA, pH 8.0 and finally coupled to Affigel 10 by using the
aqueous coupling procedure.

Crude antibody fractions were loaded on the Affigel Pax8-6H
resin. The anti-Pax8 antibody was eluted from the column in 0.1
M glycine, pH 2.5, neutralized with Tris, and dialyzed against
PBS, pH 7.4.

The affinity-purified anti-Pax8 antibody was tested for spec-
ificity by Western blot analysis using thyroid and nonthyroid cell
extracts. In our experimental conditions the antibody recognized
a single band at the expected apparent molecular mass of Pax8
(46 kDa) exclusively in thyroid cell extracts (data not shown).
Furthermore, in immunohistochemistry experiments, the anti-
body reveals exclusively thyroid and kidney, the two major sites
of Pax8 expression.

Histology. Animals were killed by cervical dislocation. Staged
embryos were obtained by dissection of pregnant females. The
day at which the vaginal plug was detected was designed as EO.5.
Adult thyroid glands were obtained from 2-month-old mice.
Thyroids and embryos were fixed overnight at 4°C in 4%
paraformaldehyde in PBS at pH 7.2, dehydrated through ethanol
series, cleared in xylene, and embedded in paraffin, and 7-um
sections were cut. For cryo-sectioning, paraformaldehyde-fixed
thyroids were treated overnight at 4°C in 30% sucrose in PBS and
embedded in OCT compound (BDH), and 10-um sections were
cut.

For histological examinations, slides were stained with
Harry’s hematoxylin/eosin (BDH) according to manufacturer
instructions.

Immunohistochemistry. Sections were dewaxed by standard tech-
niques, and heat treatment to retrieve the antigen sites was
performed. To quench endogenous peroxidases, the sections
were treated with 1.5% hydrogen peroxide in methanol at room
temperature. The sections were incubated for 1 h at room
temperature with blocking solution (3% BSA/5% goat se-
rum/20 mM MgCl,/0.3% Tween 20 in PBS) and then with
primary antibodies overnight at 4°C. Staining procedures and
chromogenic reactions were carried out according to the pro-
tocols of the Vectastain ABC kit protocol (Vector Laborato-
ries). The primary antibodies used were: anti-rat TTF-1 (3),
anti-rat TTF-2 (29), anti-mouse Pax8, anti-human Tg (Dako),
and anti-rat NIS (17).

BrdUrd Labeling and Detection. Pregnant mice at E15.5 and E16.5
were injected i.p. with BrdUrd solution (100 mg/kg body weight,
Sigma) and killed after 4 h by cervical dislocation. Paraffin-
embedded embryos were sectioned and adjacent sections were
processed for BrdUrd detection. BrdUrd detection was per-
formed as described (30). The secondary antibody, a biotinylated
goat anti-mouse (Sigma), was diluted 1:200 (vol/vol) in 1.5%
goat serum in Tris-buffered saline (TBS, 0.1 M Tris'HCIl, pH
7.5/0.15 M NaCl).

In Situ Hybridization of TPO mRNA. E15.5 mouse embryo total RNA
was extracted by the guanidine-isothiocyanate method (31) and
reverse-transcribed by using Superscript first-strand synthesis
system (Invitrogen) according to manufacturer instructions.
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Fig. 1. Hematoxylin/eosin stain of wild-type and mutant mouse thyroid gland and BrdUrd incorporation in developing mouse thyroid gland. (A-C) Sagittal
sections of E17 wild-type (A), tshr'vt/tshrhyt (B), and pit19%/pit19 (C) mouse embryos. The black arrowheads in A-C point to small follicles. These data were
representative of at least two independent experiments performed on embryos coming from different littermates. As controls, wild-type C57BL/6 embryos were
used. (D-F) Transversal sections of thyroid gland and trachea of wild-type (D), tshr't/tshrhvt (E), and pit19%/pit19¥ (F) of 2-month-old mice. thy, thyroid; tra,
trachea. These data were representative of three independent experiments (two homozygous males and one homozygous female for both tshr'vt and pit?w
strains). The mice were generated in different littermates. As controls, wild-type C57BL/6 mice were used. (G-J) Sagittal sections of E16.5 wild-type (G and H)
and tshrhvt/tshrvt (1 and J) embryos. H and J show higher magnification of the boxed areas in G and H, respectively. These data are representative of three
independent experiments. Embryos from untreated pregnant mice at the same days of gestation were used as a negative control. Cells that incorporated BrdUrd

are visible as black dots (arrows).

cDNA was amplified with the mouse TPO-specific primers
5'-AAA GAT GTT AAT GAG TGT GC-3' and 5'-AGG ATA
TCT GAG CCA GAC CAG C-3'. The resulting PCR product,
corresponding to the fragment from nucleotide 2,347 to 3,170 of
the reported TPO sequence (GenBank accession no. X60703),
was cloned in pBlueScript SK(—) and used to prepare a digoxi-
genin-labeled probe using DIG-labeling RNA kit (Roche Mo-
lecular Biochemicals) according to manufacturer instructions.
Hybridization was performed as described (29).

Northern Blot Analysis. RNA from lung of adult animals was
prepared by the guanidine-isothiocyanate method (31), and
Northern blot analysis was carried out as described (3). To detect
the expression of the exogenous human TSHR in the lung of
titf1T/KETSHR® mice, the Northern blot was hybridized with a
32P-labeled fragment corresponding to the 3’ UTR of the human
TSHR (28). A probe derived from the 3’ UTR of rat TTF-1
cDNA (3) was used to detect TTF-1 expression in the lung.

Results

Role of TSH/TSHR Signaling in Thyroid Gland Morphogenesis. We
performed a detailed analysis of thyroid gland of tshr®/tshi’»!
and pir® /pit™ mutant mice. In Fig. 1 A-C, sagittal sections of
E17 embryos are shown. The size of the thyroid is the same in
mutants and control mice. Consistent with this observation, the
number of proliferating cells, as detected by BrdUrd incorpo-
ration, is comparable with tshr’®/tshi’®" and wild-type embryos
at E16.5 (Fig. 1 G-J).

Conversely, as reported before (21, 22, 25, 32), the thyroid of
2-month-old tshr’®* /tshr’® or pit1?* /pit19” animals is smaller than
that of control mice (Fig. 1 D-F). Hence we can conclude that
TSH does not have a relevant effect on proliferation of the
thyroid cells during development but is necessary for the main-
tenance of both the size and functional structure of the thyroid
gland in the postnatal life.

Role of TSH in Expression of Differentiation Markers in the Embryonic
Thyroid Gland. Experiments in thyroid cell lines have shown that
TSH can regulate the expression of mRNA of several thyroid-
specific genes such as Tg (10, 11), TPO (14, 15), NIS (17), TTF-2
(33), and Pax8 (34).

Animal models allow assessing the relevance of TSH/TSHR
signaling in controlling the expression of thyroid-specific genes
in vivo. As reported previously, Tg and TPO are expressed in
thyroid gland since E14.5 (3) and E16 (20), respectively. Because
the onset of NIS expression during embryonic development has
not been described yet, we studied the presence of the NIS
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protein at different stages of thyroid development using a
specific antibody (17). Interestingly, we found that NIS is de-
tectable only starting at E16 (Fig. 2 C and D), 1 day later than
the first appearance of Tg (Fig. 2 4 and B).

We next analyzed the expression of thyroid-specific genes in
E17 embryos (Figs. 3 and 4) and 2-month-old adult thyroids
(data not shown) from wild-type and mutated mice. Comparable
amounts of TTF-1, TTF-2, and Pax8 (Fig. 3) are present in the
thyroid gland of wild type and in all mutant embryos. A small but
noticeable reduction of Tg expression (Fig. 4, 4, D, G, andJ) was
observed in both shr™!/tsh/™" and pit1® /pit1?”, whereas
TSHR-KO mice show the same amount as the controls. NIS
protein (Fig. 4B) is clearly detected in wild-type E17 thyroid but
is reduced greatly in shr’®/tshi’" thyroid (Fig. 4F), and it is
almost absent in both pit19” /pit1* and TSHR-KO E17 thyroids
(Fig. 4 H and K). Furthermore, TPO mRNA is absent in all the
mutants examined (Fig. 4, F, I, and L).

Because NIS is expressed also in the salivary gland (35), we
asked whether the observed NIS down-regulation as a conse-
quence of absent TSH/TSHR signaling is a thyroid-specific
effect. As Fig. 5 shows, NIS is still present in the salivary gland
ducts of both mutant and wild-type embryos, suggesting that the
strict: TSH/TSHR requirement operates through a thyroid-
specific mechanism.

Deregulated Expression of a Ligand-Independent TSHR Does Not
Anticipate NIS Expression but Rescues It in tshrivt/tshrivt and pit19w/
pit19w Mice. Given the great relevance of the TSH/TSHR path-
way in the expression of NIS and TPO, we asked whether the
same pathway was responsible also for the temporal control of
their expression during mouse thyroid development. The ex-
pression of TPO and NIS is observed in the developing thyroid

losdh

Fig.2. Onsetof NIS expression in the developing mouse thyroid gland. Serial
sagittal sections of E14.5 (A and C) and E16 (B and D) embryos were stained
with anti-Tg (A and B) and anti-NIS (C and D) antibodies. These data are
representative of three independent experiments.
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Fig. 3. Expression of thyroid transcription factors in developing mouse
thyroid gland. Serial sagittal sections of wild-type (A-C), tshrvt/tshrhyt (D-F),
pit19/pit19w (G-I), and TSHR-KO (J-L) E17.5 embryos were stained with
anti-TTF-1 (A, D, G, and J), anti-TTF-2 (B, E, H, and K), and anti-Pax8 (C, F, /, and
L) antibodies. These data are representative of at least two independent
experiments. As controls, wild-type C57BL/6 embryos were used.

only starting from E16 (Fig. 2; ref. 20). We generated, using a
knock-in strategy (Fig. 64), a mouse strain in which the sequence
encoding a constitutively activated form of human TSHR
(TSHR*; ref. 28) has been inserted into the titfI gene. In such a
line the signaling pathway downstream of the receptor should be
activated in a TSH-independent manner, since ES8.5, i.e., when
TTF-1 expression begins.

To show that the allele titfI<I"TSHR" directs the expression of
TSHR* in the TTF-1 expression domain, we demonstrated by
Northern blot the presence of human TSHR mRNA in lungs

A
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Fig. 4. Expression of Tg, NIS, and TPO in developing mouse thyroid gland.
Serial sagittal sections of wild-type (A-C), tshrVt/tshrt (D-F), pit19%/pit19w
(G-1), and TSHR-KO (J-L) E17.5 embryos were stained with anti-Tg (4, D, G, and
J) and anti-NIS (B, E, H, and K) or hybridized with TPO antisense probe (C, F, /,
and L). These data are representative of at least two independent experi-
ments. As controls, wild-type C57BL/6 embryos were used.
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Fig. 5. Thyroid-specific down-regulation of NIS protein. Sagittal sections of

wild-type (A and E), tshrt/tshr't (B and F), pit19%/pit19 (C and G), and
TSHR-KO (D and H) E17.5 thyroids and salivary glands were stained with
anti-NIS antibody. Salivary glands shown in E-H belong to the embryos shown
in A-D, respectively. NIS expression is very scarce in the thyroid of mutant
embryos. In contrast, a clear signal is present in the salivary glands. These data
are representative of at least two independent experiments. As controls,
wild-type C57BL/6 embryos were used.

of adult mice carrying it (Fig. 6B). We then introduced the
titf IKI'TSHR® gllele in both the tshr’®/tshi’® and pit1®™ /pit1®
genetic backgrounds by appropriate crossings and analyzed the
phenotype of the adult thyroid of these mice.

In Fig. 7 we show NIS expression in 2-month-old thyroid
glands from wild-type (Fig. 74), pit1®/pit]® (Fig. 7B), and
double-mutant mice fitf1+K-TSHR® pigjdw [pir]47 (Fig. 7C). The
presence of NIS in the double mutant demonstrates that
the knock-in allele is able to rescue the expression of NIS in the
thyroid gland of pit1%¥/pit1*® mice. Thus the receptor encoded
by the titfIXI-TSHR® gllele is functioning. The same result
was obtained in the case of the double-mutant mice
titf1 HKETSHR® pspypt [yt (data not shown). The rescue ob-
tained shows that the TSHR™* allele used by us encodes a receptor
that is activated in a TSH-independent manner.

We then analyzed developing thyroid from fitf1 /KI-TSHR®
heterozygous mice. Neither at E12.5 (data not shown) or E13.5
were we able to detect NIS protein or TPO mRNA in the thyroid
of these knock-in mice (Fig. 8). Hence we have to conclude that
TSH/TSHR signaling is necessary for NIS and TPO expression,
but it is not sufficient for expression at early developmental
stages.

Discussion

From E8.5 up to =E13.5 the developing thyroid consists of a
mass of endodermal cells that bud from the endoderm of the
pharyngeal floor and migrate toward the trachea. These thyroid
precursor cells can be identified unequivocally by the simulta-
neous presence of three transcription factors, TTF-1, TTF-2, and
Pax8. At E14 molecular and morphological differentiation of the
thyroid gland occurs, thus completing organogenesis. Only at
this stage, thyroid-specific genes such as Tg, TPO, and TSHR
start to be expressed (2), whereas NIS appears at E16, as shown
in this study. By E16.5 thyroid follicles begin to be recognizable.

BamHl BamH| BamH
TSHR* cds El PGKneo _ I A
2 3 4
¥ ~—TTF-1 B
TSHR*—
Fig. 6. Structure of the titf1 locus modified by homologous recombination

and expression of the targeted allele. (A) The black box indicates titf1 exons,
and the black bar indicates the probe used to identify the targeted allele.
(B) Human TSHR RNA expression in lung of adult targeted mice. Lanes 1 and
3, lung RNA from titf1+/KF-TSHR* gnimals; lanes 2 and 4, lung RNA from wild-type
animals. (Left) Hybridization with human TSHR probe. (Right) Hybridization
with rat TTF-1 probe.
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Rescue of NIS expression. Serial sagittal sections of adult wild-type (A and D), pit19¥/pit19% (B and E), and titf1+/K-TSHR*; pjt1dw /pit 19w (C and F) thyroids

were stained with anti-NIS antibody (A-C) or hematoxylin/eosin (D-F). NIS expression is absent in the thyroid gland of pit19¥/pit19¥ (B), whereas its expression
is rescued in double mutants titf1+/KI=TSHR%:pjt1dw /pjt19w (C). These data are representative of at least two independent experiments.

The mechanisms that drive these late stages of organogenesis are
still unknown.

Just before the final morphological differentiation of the
gland, both TSHR and its ligand are expressed (3, 36). We
decided to investigate the role of TSH/TSHR signaling on the
thyroid development and differentiation using different mouse
strains in which this pathway is severely impaired. We demon-
strated that during the embryonic life, TSH/TSHR signaling is
essential for the expression of some of the genes required for
thyroid hormone biosynthesis such as TPO and NIS, whereas it
is not required for the onset of Tg expression that occurs in all
mutants examined. Furthermore, we show that the TSH/TSHR
pathway is not involved in controlling DNA synthesis in the
developing thyroid and, hence, in the growth of the embryonic
gland. On the contrary, it is well established that in postnatal life
the TSH/TSHR pathway is important in both maintaining the
follicular organization of the thyroid and controlling gland size
(9, 37).

The animal models we used, tshr'¥*/tsh”’™ and pit1® /pit]1¥
mice, have been described already. These mice are all affected
by a severe hypothyroidism associated with thyroid hypoplasia.
Histological analysis showed that the follicles of the mutant
thyroids were smaller than those of the wild type (22, 27).

Here we show that at E17 the size of the thyroid gland in
tshr’® /tshy™* or pit]®™ /pit]1? mice is rather similar to that of
wild-type thyroid. We also observed a similar follicular structure
between mutants and wild-type thyroid, with the presence of
small follicles filled with colloid, intermingled with epithelial
cords not yet organized in follicles, indicating that the follicu-
logenesis initiates also in the absence of TSH signals. The
presence of follicles in the embryonic thyroid of tshr/tshr’»*
mice is in contrast with a previous study (38). Such a difference
could be due to the different genetic background of the mice
used. On the contrary, as observed before (22, 27), the archi-
tecture of the thyroid gland of tshr’¥'/tsh’® and pit1® /pit1®
mice is severely impaired after birth. Our data suggest that
TSH/TSHR signaling might be required to maintain rather than
initiate folliculogenesis.

Data obtained from both cell cultures (39) and animal models
(37) demonstrate that TSH has a mitogenic effect on thyroid
follicular cells. In contrast, we did not observe any difference in
size between mutant and wild-type embryonic thyroids. Fur-
thermore, BrdUrd incorporation in the developing thyroid gland
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Fig. 8.  Analysis of titf1+/K-TSHR* E13.5 embryos. Serial sagittal sections

were stained with anti-TTF-1 (A) or anti-NIS (B) or hybridized with TPO
antisense probe (C). These data are representative of at least two independent
experiments.
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is the same in the tshr’?" /tshr’> embryos as well as in the wild-type
embryos. We conclude that TSH does not control the growth of
thyroid precursor cells. We can hypothesize that other factors are
responsible for proliferation of these cells. Indeed, other growth
factors such as insulin-like growth factor 1 or epidermal growth
factor can promote the proliferation of thyroid cells in culture
(40, 41). These factors are also expressed during embryogenesis
(42, 43) and could be the primary regulators of thyroid cell
growth. However, we cannot exclude that TSH is capable of
acting on growth of embryonic thyroid cells, but in the absence
of TSH other factors functionally substitute for it.

The TSH was proposed as the main agent regulating the
activity of the thyroid gland. Stimulation of thyroid follicular
cells by TSH results in the rapid activation of almost every aspect
of their metabolism including the regulation of synthesis of
thyroid-specific proteins such as Tg, TPO, and NIS. Many
observations in cultured thyroid cells (10, 11), in hypophysec-
tomized rats (12), and in tissue slices (13) agree with the notion
that TSH controls the levels of Tg, TPO, and NIS mRNAs.
However, discrepancies exist on the extent of TSH control,
mostly for Tg, that in some studies shows a 2-fold decrease (10)
or disappearance in the absence of TSH (12).

It has been observed also that the mechanisms involved in the
TSH regulation of Tg and TPO expression are different (13, 44).
Furthermore, in transgenic mice expressing the A2 adenosine
receptor, which activates the adenylyl cyclase pathway (45), the
level of TPO mRNA is strongly up-regulated, whereas Tg
mRNA is not affected. Our data show, in comparison to the wild
type, only a slight reduction of Tg expression in both tshr" /tshi’»!
and pit1? /pit1*” mutant embryos. No reduction was observed in
TSHR-KO embryos. Although the minor differences observed in
the three models could be due to differences in genetic back-
ground, these observations all point to a limited role of TSH in
controlling the onset of Tg expression in the developing thyroid.
On the contrary, in all the animal models we used, TPO
expression is strongly down-regulated in the absence of TSH/
TSHR signaling, indicating that in vivo TPO expression is
regulated largely by TSH.

TSH stimulates thyroid I~ accumulation (46). Previous data
suggested that TSH stimulation of iodide accumulation results,
at least in part, from the cAMP-mediated increased biosynthesis
of NIS (17). In addition, NIS mRNA also is increased by TSH
signaling (16). Our experiments clearly show that in zshr®" /tshi’>!
mice the level of NIS protein is decreased strongly, and in
pit1? /pit]?™ and TSHR-KO mice NIS protein is almost absent.
Higher levels of NIS in zshr®/tsh’ could be explained by
postulating a residual activity of the Ayt TSHR that could be
induced by the high level of circulating TSH, although we cannot
exclude that the small differences observed between the mutants
is due to the diverse genetic background. However, taken
together, the data show that, at variance from Tg, NIS and TPO
expression are regulated tightly in vivo by TSH. The regulation
of NIS expression is thyroid-specific as tested by the presence of
similar levels of the protein in salivary glands (see Fig. 6).
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It is worth noting that some cases of congenital hypothyroid-
ism with a phenotype resembling that of tshr’®!/tsh’¥* mice were
reported (47-49). These patients had high levels of TSH in the
blood, low serum levels of T4, and Tg levels in the normal range.
Physical examination and **™Tc¢ scintigraphy failed to demon-
strate the presence of thyroid tissue, but careful ultrasonography
revealed a very hypoplastic thyroid. A loss of expression of NIS
consequent to the TSHR mutation in the thyroid tissue of the
patients could cause the reported phenotype.

In conclusion, our data show that TSH, at least in mice, does
not coordinately control the thyroid-differentiated phenotype,
because we can distinguish genes tightly controlled (TPO and
NIS) and others with expression that is largely TSH-
independent. Furthermore, we have presented evidence dem-
onstrating that the increase in number of thyroid cells during
embryogenesis does not depend on a functional TSH/TSHR
pathway. This observation suggests that in thyroid other factors
must be responsible for controlled growth of embryonal cells,
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which is at variance from the case of the pituitary somatotroph
cells, where growth hormone-releasing hormone controls both
physiology and development (50) via the cAMP pathway. How-
ever, it is still conceivable that elevated TSH levels, such as in
hypothyroid patients with hormonogenesis defects, could induce
growth, cooperating with other, yet-unidentified mechanisms
that control growth of fetal thyroid. This mechanism could
explain the presence of goiter at birth in some severely hypo-
thyroid children.
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