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Through the cAMP signaling pathway, TSH stimulates thy-
roid follicular cell proliferation, differentiation, and function.
Although the autocrine production of IGF-I in the thyroid
gland suggests an important physiological function for this
factor in these processes, the exact role of the IGF-I/IGF-I
receptor system in vivo remains unclear. Although the mito-
genic action of TSH requires the presence of IGF-I or insulin
in primary culture of dog and human thyroid cells, IGF-I has
an effect equal to and independent of the effect of TSH on cell
proliferation in rat thyroid cell lines and may even be the main
growth regulator in this case. To investigate the in vivo func-

tion of the IGF-I/IGF-I receptor system, transgenic mice over-
expressing human IGF-I, IGF-Ireceptor, or both in the thyroid
were generated. Adult transgenic mice did not present exter-
nal signs of thyroid dysfunction, but mice overexpressing
both transgenes had significantly increased gland weight and
follicular lumen area. A decreased TSH level together with a
slightly increased serum T, concentration and increased thy-
roidal iodine uptake were also observed, suggesting that IGF-I
and IGF-I receptor stimulate thyroid function to some extent
in vivo. (Endocrinology 142: 5131-5139, 2001)

HYROID FUNCTION AND growth are positively regu-
lated by the pituitary thyrotrophs through TSH. In dogs

and humans, the effects of TSH on gland growth are mediated
by the adenylate cyclase-cAMP cascade (1). The functional ef-
fects are mediated by cAMP alone in dog thyroid cells. In
human cells, although cAMP regulates iodide transport and
thyroid hormone secretion, H,O, generation, iodination, and
the synthesis of thyroid hormones are mediated by Ca>* and
the TSH phosphatidylinositol biphosphate-PLC cascade (2). In
in vitro models, thyroid cell proliferation is routinely studied in
the presence of high insulin concentrations in the medium. In
fact, insulin is required for the mitogenic action of TSH-cAMP
in dog and human thyroid cells in primary culture. This is called
the permissive action of insulin. When studied in more detail,
it is apparent that the high concentrations of insulin activate
both insulin receptors and IGF-I receptors (IGF-IR). The per-
missive effects of insulin are fully reproduced by low concen-
trations of IGF-I, and the effects of high insulin concentration
are partially inhibited by anti-IGF-IR antibodies (3, 4). Beside its
permissive action on TSH mitogenic effects, the IGF-I/IGF-IR
system also stimulates Tg expression in dog and rat thyroid
cells (5, 6). In FRTL-5 and PCCL3 rat thyroid cell lines, high
insulin or IGF-I concentrations have an independent mitogenic
effect that is only enhanced by TSH (7). If valid in vivo, this
would predict a major role for IGF-I in thyroid growth and
goitrogenesis. Moreover, autocrine thyroid production of IGF-I
in response to TSH has been reported in different species both
in vitro and in vivo, suggesting an important role for this factor
in thyroid physiology (8-10). The IGF-I/IGF-IR system has a

Abbreviations: IGF-IR, IGF-I receptor; IGFBP, IGF-binding protein;
polyA, polyadenylation sequence; WT, wild-type.

growth-promoting effect on many cell models, and in vivo,
knockout mice for IGF-I or IGF-IR exhibit reduced fetal and
postfetal growth (11). It is therefore of importance to determine
the role of the IGF-I/IGF-IR system in thyroid function and
growth in vivo. In acromegalic patients in which excess GH
causes high IGF-I secretion, no hyperthyroidism is observed,
and the thyroid seems to be increased in size, although the TSH
level was sometimes reported to be decreased (12-14). We have
now generated transgenic mice overexpressing in their thyroids
human IGF-I, human IGF-IR, or both. The results show that
activation of this system does not lead to hyperthyroidism, but
loosens to some extent the dependence of the thyroid on TSH
for its growth and function.

Materials and Methods
Constructs

Human IGF-I ¢cDNA was cloned by RT-PCR on cerebrum polyade-
nylated RNA isolated with the FastTrack kit (Invitrogen, San Diego, Ca).
The following primers were used: forward, 5'-GAT CTG CAG GAT
GCA CAC CAT GTC CTC CT-3’; and reverse, 5'-GGT AAC TCG AGC
AGA GCA AA-3'.

After sequencing, the human IGF-I- and IGF-IR-coding regions were
introduced in EcoRI BamHI sites of the pSG5 plasmid containing the
B-globin intron II and the simian virus 40 polyadenylation sequences
(polyA). Then, a DNA fragment containing the intron, the cDNA, and
the polyA was isolated from PSG5 and inserted in a pBluescript plasmid
containing the bovine Tg promoter (15). Transgenes were extracted from
the plasmid by Xbal-Xhol restriction.

Production of transgenic mice

Transgenic mice were generated as described by Hogan ef al. (16) by
microinjection of the excised construct into the pronucleus of fertilized
eggs from superovulated FVB/N mice. Transgenic mice were screened
by Southern blotting on DNA extracted from tail tips.
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Histological procedures

Tissues samples were fixed for 18 h in 10% neutral-buffered formalin
and embedded in paraffin by standard procedure. Sections (6 um) were
stained with hematoxylin and eosin. The area of each follicle was esti-
mated by measuring the smaller inner diameter (d) and the larger inner
diameter (D) of the follicle. The approximate follicular lumen area was
calculated by the formula A = 7(d/2)(D/2). More than 100 follicles were
measured in each thyroid gland. For each mouse, cell density per mm?
was estimated by counting number of cells in 20 areas of 0.0373 mm?,
and follicle density was estimated by counting 10 areas of 0.1485 mm?.

RT-PCR procedure

Polyadenylated RNA from thyroid glands of wild-type (WT) and
transgenic mice were isolated using the FastTrack kit (Invitrogen). RT
was performed according to standard procedure using random hexamer
primers on 100 ng mRNA. cDNAs were amplified by PCR using the
following primers, annealing temperatures, and cycles numbers: IGF-I
transgene: forward, 5'-GGC TGC AGG AAT TCG ATA TC-3'; reverse,
5'-GCT GCA ATA AAC AAG TTC TG-3" (58 C, 35 cycles); IGF-IR
transgene: forward, 5'-GGC TGC AGG AAT TCG ATA TC-3'; reverse,
5'-CAC ATC GGC TTC TCC TCC AT-3’ (60 C, 35 cycles); hypoxanthine
guanine phosphoribosyl transferase: forward, 5'-GTG ATT GGC GAT
GAT GAA CCA G-3'; reverse, 5'-GGC TTT TCC ACT TTC GCT AAT
G-3' (55 C, 35 cycles); IGF-binding protein-1 (IGFBP-1): forward, 5'-GCC
GTT CCT GAT TCT CCT GT-3’; reverse, 5'-ATA GGT GCT GAT GGC
GTT CC-3' (55 C, 35 cycles); IGFBP-2: forward, 5'-GTA CCT GTG AAA
AGA GAC GC-3'; reverse, 5'-TGT CCG TTC AGA GAC ATCTTG-3' (58
C, 28 cycles); IGFBP-3: forward, 5'-AGG CAG CCT AAG CACCTAC-3';
reverse, 5'-TCT GCA CGC TGA GGC AAT G-3' (58 C, 28 cycles);
IGFBP-4: forward, 5'-GAC GAA GCC ATC CAC TGC CC-3’; reverse,
5'-CTG TTT GGG GTG GAA GTT GC-3' (52 C, 35 cycles); IGFBP-5:
forward, 5'-TTG CCT CAA CGA AAA GAG C-3'; reverse, 5'-TTC ATT
CCG TAC TTG TCC ACA C-3' (55 C, 28 cycles).

Western blotting analysis

Proteins (40 ug/lane) were separated by SDS-PAGE and transferred
to nitrocellulose membranes for 16 h at 30 V and 4 C. Membranes were
incubated in a blocking solution containing 0.5% BSA and 2% dry milk.
Primary antibodies were rabbit polyclonal against human IGF-I (mouse
cross-reactive) and human IGF-IR (mouse cross-reactive; Santa Cruz
Biotechnology, Inc., Santa Cruz, CA). After washing, peroxidase-labeled
donkey antirabbit Igs were used to detect primary antibodies. Finally,
blots were incubated with enhanced chemiluminescence reagents and
autoradiographed.

Tests of thyroid function

Thyroidal radioiodide uptake was measured by counting (Packard
2900TR counter) whole thyroid glands 2 d after ip injection of 50 uCi Na
1311, Blood samples were obtained by retroorbital puncture under ether
anesthesia. Circulating TSH and T, hormones were measured in serum
samples kept frozen at —70 C. T, was measured by double antibody
precipitation RIA (Diagnostic Products, Los Angeles, CA) modified to
measure T, in mouse serum with a sensitivity of 0.25 ug/dl. Mouse TSH
was measured by a disequilibrium, heterologous RIA described in detail
(17). The sensitivity of the assay is 5-10 mU/liter.

Methimazole treatment

Mice received a solution containing 0.2% methimazole (Sigma-
Aldrich Corp.) and 10% glucose in drinking water. Treatment was con-
ducted during 3 months.

Statistical analysis

Statistical significance was analyzed with unpaired t test excepted for
Fig. 5D where the Mann-Whitney test was used.
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Results
Production of IGF-I and IGF-IR transgenic mice

To overexpress IGF-I and IGF-IR specifically in the thyroid
gland, two transgenes were constructed containing the thy-
roid specific promoter region of bovine Tg, followed by the
second intron of the rabbit S-globin gene, the coding se-
quence of either the human IGF-I or the human IGF-IR and
the polyadenylation signal of simian virus 40 large T (Fig. 1,
A and D). Both transgenes were purified and injected sep-
arately into the pronucleus of one-cell FVB/N embryos.
Three founders transgenic mice were identified to carry ei-
ther the IGF-I or the IGF-IR transgenes by Southern blotting.
Five of these founders transmitted the transgene to their
progeny in a Mendelian fashion: three independent IGF-I
(IGF-la, IGF-1B, and IGF-Iy) and two independent IGF-IR
transgenic lines (IGF-IRa and IGF-IRB) were thus obtained.
IGF-Ia and IGF-IB transgenic mice were bred, respectively,
with IGF-IRa and IGF-IRB transgenic mice to obtain double
transgenic mice overexpressing both transgenes in the thy-
roid gland (IGF-I/IGF-IR transgenic mice).

The expression of the transgenes in the thyroid gland was
confirmed at the mRNA and the protein levels. RT-PCR was
performed on mRNA isolated from the thyroid glands of
IGF-I or IGF-IR transgenic mice. Primers complementary to
the transgene sequences on each side of the intron were
designed allowing to distinguish between genomic amplifi-
cation (1.4 kb for IGF-I and 1.45 kb for IGF-IR) and cDNA
amplification (0.75 kb for IGF-I and 0.8 kb for IGF-IR). PCR
amplifications corresponding to the cDNA sequence of IGF-I
and IGF-IR transgenes were obtained with RNA isolated
from the thyroid glands of IGF-I and IGF-IR mice, but not
with RNA from nontransgenic mice (Fig. 1, B and E). No PCR
fragment of a size corresponding to genomic amplifica-
tion was ever seen, confirming the purity of the mRNA
preparations.

Overexpression of the transgenes at the protein level was
demonstrated by Western blotting performed on extracts
from WT, IGF-I, IGF-IR, and IGF-I/IGF-IR transgenic thyroid
glands using antibodies against human IGF-I or IGF-IR (Fig.
1, C and F, respectively).

The three types of transgenic animals (IGF-I, IGF-IR, and
IGF-1/1IGF-IR) showed no obvious abnormalities and a had
normal life span. In particular, no visible goiter and no ob-
vious signs of hyper- or hypothyroidism were seen; trans-
genic animals have normal body weight and normal behav-
ioral activity, two characteristics that are expected to be
impaired in severe thyroid disease.

Thyroid gland weight in IGF-I, IGF-IR, and IGF-1/IGF-IR
transgenic mice

Thyroid gland weight was measured at different ages (Fig.
2A). In 7-, 12-, and 16-wk-old IGF-I and IGF-IR transgenic
mice, no significant difference in thyroid gland weight was
observed compared with WT mice. However, when both
IGF-I and IGF-IR transgenes were expressed in the same
mouse, the gland weight was significantly increased. More-
over, the thyroid gland of IGF-I/IGF-IR transgenic mice con-
tinues to enlarge, whereas in 12-wk-old control, IGF-I, and
IGF-IR mice, growth slows down. The glands of 12- and
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16-wk-old IGF-IR transgenic mice showed a propensity to
increase in size without reaching statistical significance com-
pared with WT thyroid gland. The difference reached sta-
tistical significance only in 21-wk-old IGF-IR mice.

To increase the TSH-dependent thyroid stimulation, trans-
genic mice were submitted to treatment with the goitrogen
methimazole, a drug that blocks thyroperoxidase, decreases
thyroid hormone synthesis, and, in turn, increases TSH se-
cretion. After 12 wk of methimazole treatment, thyroid gland
weights were increased in all types of mice (control and
transgenic) compared with their untreated controls, but IGF-
I/IGF-IR mice conserved the same proportional increase
in thyroid gland weights compared with WT mice (Figs. 2B
and 3A).

Histological analysis of IGF-1, IGF-IR, and IGF-1/IGF-IR
transgenic mice

Cross-section and hematoxylin/eosin staining of 7-, 12-,
and 21-wk-old transgenic and WT thyroid gland revealed
that the follicular structure was preserved, and the morphol-

- IGF-1R

ogy of cells and nuclei was perfectly normal. Overexpression
of IGF-I and/or IGF-IR in thyroid gland does not induce
visible hyperplasia, and no signs of tumor induction were
seen in response to IGF-I and/or IGF-IR overexpression at
any age.

Electron microscope analysis of the transgenic thyroid
glands confirmed the normal structure of the thyroid cells
and the normal organization of the gland. Aspect and size of
the nuclei were not different from those observed in WT
mice, and abundance and structure of the different or-
ganelles were normal (data not shown). In 7-wk-old trans-
genic mice, the number of cells and follicles per mm? were
in the normal range, and follicles sizes were not significantly
different between control and transgenic mice (data not
shown). However, in 16-wk-old IGF-I/IGF-IR mice, the av-
erage follicular lumen area was increased (Figs. 3, B and C,
and 4A) and the number of cells per mm? was slightly de-
creased when compare to WT mice (Fig. 4B). The number of
follicles per mm? in IGF-I/IGF-IR mice showed also a slight
decrease compared with WT mice (Fig. 4C).
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F1G. 2. Thyroid gland weight in transgenic mice as a function of age.
®, WT mice (n = 4-7); B, IGF-I mice (n = 3-5); A, IGF-IR mice (n =
3-7); ¥, IGF-I/IGF-IR mice (n = 3-7). Values are the mean = SEM.
Asterisks indicate statistically significant differences compared with
WT mice of the same age. *, P = 0.03; **, P = 0,006. B, Thyroid gland
weight of 16-wk-old WT, IGF-I, IGF-IR, and IGF-I/IGF-IR mice re-
ceiving a normal diet ((J) or a goitrogen diet (M). Values are the
mean * SEM. Asterisks indicate statistically significant differences
compared to WT mice. *, P = 0.02; **, P = 0.002.

After methimazole treatment, the thyroid gland of WT,
IGF-1, and IGF-IR mice showed a important reduction of the
average follicular area with sometimes nearly complete dis-
appearance of the follicular structure, as normally seen after
such goitrogen treatment (Fig. 3, B and D, and data not
shown). However, the thyroids of IGF-I/IGF-IR transgenic
mice kept large follicular lumina despite goitrogen treatment
compared with WT mice (Figs. 3, D and E, and 4A). More-
over, after methimazole treatment, the number of cells per
mm? was lower in IGF-IR and IGF-I/IGF-IR mice compared
with WT mice (Fig. 4B). The increased gland weight observed
in these mice therefore does not correspond to a parallel
increase in thyroid follicular cell density.

Clément et al. ® In Vivo Function of the IGF-I/IGF-I Receptor System

Thyroidal functions in IGF-I, IGF-IR, and IGF-1/IGF-IR
transgenic mice

As thyroid gland weight was increased in IGF-I/IGF-IR
mice, the presence of abnormal thyroid function was con-
sidered. Thyroidal radioiodide uptake 48 h after adminis-
tration of the isotope was not significantly different in IGF-I
and IGF-IR transgenic mice compared with that in WT mice,
but was increased by a factor of 2 in IGF-I/IGF-IR transgenic
mice (Fig. 5A).

IGF-I/IGF-IR mice showed thyroid enlargement and in-
creased iodide uptake, suggesting that the regulation of thy-
roid hormone synthesis is impaired. Serum T, in 7-wk-old
IGF-I and IGF-IR transgenic mice was not significantly dif-
ferent compared with that in WT mice, but IGF-I/IGF-IR
transgenic mice had a mean T, level slightly, but signifi-
cantly, higher than that in WT mice (Fig. 5B). Methimazole
treatment reduced the serum T, concentration in all mice, but
IGF-I/IGF-IR transgenic mice conserved a significantly
higher T, level compared with WT mice receiving the same
antithyroid treatment (Fig. 5B).

The serum TSH level is the most sensitive indicator of
thyroid function state and therefore is required to under-
stand the action of the IGF-I/IGF-IR system in our transgenic
mice. The TSH concentration in 7-wk-old mice was signifi-
cantly lower in IGF-IR and IGF-I/IGF-IR, compared with
WT, mice (Fig. 5C). IGF-I transgenic mice also showed a
propensity to decreased TSH level, but the mean value did
not reach statistical significance. Serum TSH was also mea-
sured after 3 months of methimazole treatment (Fig. 5D).
TSH levels increased in all types of mice during methimazole
treatment. This increase was only moderate in IGF-IR and
IGF-1/IGF-IR transgenic mice (in particular for IGF-1/IGF-IR
mice) compared with WT mice.

IGFBP expression in IGF-I transgenic mice

IGFBP expression was previously shown to be modified in
some transgenic animals in response to IGF-I overexpression
(18, 19). As our IGF-I simple transgenic mice show no alter-
ation in thyroid morphology and function, we investigated
whether such a compensatory mechanism is present in their
thyroid. Expression of IGFBP-1 to -5 in thyroid was inves-
tigated by semiquantitative RT-PCR on thyroid mRNA. No
expression of IGFBP-1 and IGFBP-4 was detected in the
mouse thyroid. IGFBP-2 and IGFBP-5 were expressed in the
mouse thyroid, but in a similar way in IGF-I and WT mice
(Fig. 6). However, IGFBP-3 expression was significantly re-
duced in the thyroids of IGF-I transgenic mice to 50% of the
level observed in WT animals (Fig. 6). When RT-PCR analysis
was performed on mRNA from IGF-I/IGF-IR double trans-
genic thyroid glands, a similar down-regulation of IGFBP-3
expression was also observed (data not shown).

Discussion

Results from in vitro studies of the role of IGF-I/IGF-IR
system in thyroid follicular cell proliferation, differentiation,
and function are still unclear or contradictory. They could
represent a peculiarity of the immortalized thyroid cell lines
or of the species used in the primary culture experiments. The
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Fic. 3. Histological features of trans-
genic thyroids. A, Two thyroid lobes
from WT mice (left) and IGF-I/IGF-IR
transgenic mice (right) after treatment
with methimazole (scale bar, 5 mm).
Cross-section of thyroid gland from a
WT (B) and a IGF-I/IGF-IR (C) mouse
maintained on a normal diet and from a
WT (D) and a IGF-I/IGF-IR (E) mouse
receiving methimazole treatment.
Scale bars in B, C, D, and E, 30 um.

goal of this study was to analyze the role of the IGF-I/IGF-IR The expression of IGF-I and IGF-IR was successfully tar-
system in a more physiological way in vivo by generatingand  geted to the thyroid glands of transgenic mice using the
analyzing transgenic mice overexpressing IGF-I and/or its ~ bovine Tg promoter. Transgene overexpression at the mRNA
receptor specifically in thyroid follicular cells. and protein levels was demonstrated by RT-PCR and by
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Fic. 4. Morphological parameters measured in thyroid glands of 16-
wk-old WT, IGF-I, IGF-IR, and IGF-I/IGF-IR mice maintained on a
normal diet ((J; n = 3) and after methimazole treatment (l; WT, n =
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Western blotting, respectively. IGF-I and IGF-IR mice were
crossed to obtain transgenic mice overexpressing both trans-
genes. None of the transgenic mice produced showed exter-
nal signs of thyroid dysfunction, such as a visible goiter, or
signs of hyper/hypothyroidism. The absence of obvious phe-
notype in these mice may result from the existence of com-
pensatory mechanisms.

A first compensatory mechanism identified is the down-
regulation of TSH in IGF-IR, IGF-1/IGF-IR, and most prob-
ably IGF-I mice. This indicates that IGF-I and IGF-IR stim-
ulate thyroid function and overproduction of thyroid
hormones, which, in turn, decreases pituitary TSH produc-
tion by the classical negative feedback effect. Consequently,
thyroid function is restored to its normal level. This is the
classical response to overproduction of thyroid hormones
and explains why in such conditions measurement of serum
TSH is the most sensitive test of thyroid function. Indeed, in
mild cases of hyperthyroidism, only a decrease in serum TSH
is observed with little change in thyroid hormone level. Only
in more severe disease do thyroid hormone levels increase.
So the slightly increased T, level in IGF-I/IGF-IR (but not in
simple transgenic mice) could reflect a more severe pheno-
type due to a synergic effect of both transgenes. Moreover,
the thyroidal enhanced iodine uptake in IGF-I/IGF-IR trans-
genic mice also indicates that IGF-I/IGF-IR system stimu-
lates thyroid functions. This increased function could be due
to a direct effect of IGF-I on thyroid function or to an in-
creased sensitivity of the thyroid to TSH in response to IGF-1.

A second compensatory mechanism may result from the
modulation of IGFBP expression in transgenic thyroid cells,
as previously seen in other transgenic models (18, 19).
IGFBP-3, especially when cell associated, enhances IGF-I ac-
tion in some cultured cells (20). IGFBP-3 also induces a tissue-
specific organomegaly when ubiquitously overexpressed in
transgenic mice (21). Thus, IGFBP-3 could enhance IGF-I
action, and its reduced expression in IGF-I and IGF-I/IGF-IR
transgenic mice may decrease the effects of the transgene on
thyroid follicular cells.

These two compensatory mechanisms (TSH and IGFBP-3
down-regulation) may explain the normal thyroid gland
structure, the absence of significant enlargement, and the
lack of severe perturbations of thyroid function despite ex-
pression of the single IGF-I or IGF-IR transgene. The presence
of a significantly enlarged thyroid in mice expressing both
transgenes probably results from a synergic effect of IGF-I
and IGF-IR. However, the consequence of this synergic effect
is more an increase in colloid volume than an increase in cell
number, and therefore does not reflect marked hyperplasia.
Indeed, histological analysis showed an increased follicular
lumen area in IGF-I/IGF-IR transgenic mice. Such an in-
creased thyroid follicular area was also observed in mice
overexpressing GH (22) and in hereditary dwarf mice treated
with GH and/or TSH (23). This effect is probably due to

4; IGF-1, n = 5; IGF-IR, n = 5; IGF-I/IGF-IR, n = 6). Values are the
mean * SEM. Asterisks represent statistical significance compared
with WT mice in the same diet condition. A, Average follicular area
in the different types of mice. *, P = 0.02; **, P = 0.0005. B, Cellular
density. *, P = 0.05; **, P < 0.02; *** P < 0.008. C, Follicular density.
* P = 0.04.
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D, Serum TSH level in mice receiving a normal diet ((J; n = 11-17) or after methimazole treatment (l; n = 5-9). * P < 0.02; **, P = 0.002

(compared with WT mice).

increased Tg synthesis and accumulation in the follicular
lumen. A similar IGF-I- or insulin-dependent Tg synthesis
has also been demonstrated in vitro in FRTL-5 cells and dog
thyroid cells (5, 6). Thus, the increased colloid volume could
explain at least in part the increased thyroid gland weight
found in IGF-I/IGF-IR transgenic mice.

Methimazole treatment of WT, IGF-I, and IGF-IR mice
results in an important increase in TSH level. However, treat-
ment of IGF-I/IGF-IR mice induced only a slight increase in
TSH level compared with WT mice. This resistance to anti-
thyroid drug action in double transgenic mice indicates that
a much lower increase in TSH is necessary to achieve a
similar relative increase in the weight and function of the
thyroid.

In our transgenic animals, IGF-I could replace TSH to some
extent, but TSH remains necessary for thyroid stimulation.
Indeed, the TSH level is reduced, but not absent. This is in

agreement with previous findings in patients with hypopi-
tuitarism showing deficiency in both TSH and GH and there-
fore in IGF-I. In these patients GH replacement, which pre-
sumably restores the normal IGF-I level, does not increase
thyroid volume (24). A similar TSH requirement is observed
in IGF-I/IGF-IR transgenic mice.

IGF-I (or insulin at supraphysiological concentrations) is
required for the mitogenic action of TSH in dog and human
thyroid cells in primary culture, but IGF-I alone has no mi-
togenic effect in these systems. In rat FRTL-5 and PCCL3
thyroid cells, however, IGF-I alone stimulates the prolifer-
ation to a similar extent as TSH (7). Our in vivo results offer
new arguments that IGF-I per se has little mitogenic effect on
the thyroid cell, but acts with TSH to control its proliferation.
Indeed, thyroid weight in IGF-I/IGF-IR transgenic mice is
moderately increased compared with that in mice with con-
stitutive activation of the cAMP cascade in thyroid (25, 26).
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Fic. 6. IGFBP expression in WT and IGF-I thyroid gland. A,
Ethidium bromide staining of a typical RT-PCR on thyroid polyA RNA
from WT and IGF-I (TG) mice. Hypoxanthine-guanine phosphoribosyl
transferase, IGFBP-2, IGFBP-3, and IGFBP-5 cDNAs were amplified
using specific primers (see Materials and Methods). MW indicates the
mol wt marker. B, Results of eight different RT-PCR experiments on
mRNA isolated from WT and IGF-I thyroids. Results are expressed
as a percentage of the WT intensity of staining measured with the
Photocapt 99.01 program. Values are the mean = sp. *, P = 0.0004
compared with HPRT relative intensity.

Even in IGF-I/IGF-IR transgenic mice, this increase largely
reflects an increased colloid volume, rather than an increase
in cell population. Thus, contrary to what could be expected
from in vitro work on cell lines, but in agreement with work
on primary cultures of dog and human thyroid cells, IGF-I
has little mitogenic effect per se in vivo. Recent work on dog
thyroid cells defining the different roles of IGF-I and TSH in
the generation of the cyclin D3/CDK4 complex that triggers
the mitogenic cascade may explain our findings. Indeed,
although IGF-I provides the cell with the cyclin D3 necessary
to form the cyclin D3/CDK4 complex, TSH activates this
complex (27). Moreover, the comitogenic action of IGF-I and
TSH is probably regulated by TSH itself, which stimulates

Clément et al. ® In Vivo Function of the IGF-I/IGF-I Receptor System

the thyroidal autocrine production of IGF-I (8-10), making
TSH the main physiological regulator of thyroid function
and growth in vivo.

The finding that in our transgenic mice IGF-I/IGF-IR sys-
tem enhances thyroid function and growth is reminiscent of
previous observations made in acromegalic patients (12-14).
Thyroid enlargement is present in a majority of patients with
acromegaly. An inverse relationship between thyroid vol-
ume and TSH level has been reported in such patients, sug-
gesting that thyroid enlargement develops independently of
TSH or that GH and IGF-I hyperstimulation may result in
partial thyroid autonomy. To explain the discrepancy be-
tween the frequent impairment of TSH response and the
normal concentration of thyroid hormone, Yoshinari et al.
(28) suggested that the high IGF-11evels found in acromegaly
may have a direct stimulatory effect on the secretion of T,
independently of TSH action. Our double transgenic mice
also present a thyroid enlargement and reduced TSH levels.
The later abnormality probably results from the stimulation
of thyroid hormone synthesis by the IGF-I/IGF-IR system, as
suggested by the slightincrease in T, levels in these mice. Our
IGE-I/IGF-IR transgenic mice may thus represent a model of
thyroid problems in acromegalic patients.
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