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Abstract: Congenitally primary hypothyroid growth-retarded (grf) mice exhibit a characteristic growth pause followed
by delayed onset of pubertal growth. We characterized the developmental pattern of somatotropes, lactotropes and
thyrotropes in the anterior pituitary, as well as plasma levels of their secretory hormones, in grt mice. Compared with
normal mice, the weight of grt pituitary gland was similar at 8 weeks of age but significantly heavier after 12 weeks of
age. Compared with normal mice, there were significantly fewer somatotropes in the grt pituitary until 8 weeks of age,
but the number gradually increased up to 48 weeks. The number of lactotropes in grt mice was consistently lower than
that in normal mice from 2 through 48 weeks, whereas the number of thyrotropes in the grt pituitary was consistently
higher than in the normal pituitary. Thyrotropes in the grt pituitary exhibited hypertrophy and hyperplasia with less
intensive thyroid-stimulating hormone (TSH) immunoreactivity than normal thyrotropes. In normal mice, the sum of the
relative proportions of these cells plateaued at 8 weeks, where it remained up to 48 weeks of age. In grt mice, these
proportions almost reached normal levels at 12 weeks of age but gradually declined after 24 weeks. Plasma growth
hormone concentrations did not differ between grt and normal mice until 24 weeks of age. Compared with normal mice,
grt mice exhibited significantly lower plasma prolactin and thyroxine levels but higher TSH levels. These findings
indicate that development of somatotropes, lactotropes and thyrotropes in grf mice is impaired, being followed by altered

hormone secretion. (J Toxicol Pathol 2009; 22: 187-194)
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Introduction

The anterior pituitary gland synthesizes and releases
several typesoftropichormonesthatareclassifiedas fivemajor
hormones, namely, growth hormone (GH), prolactin (PRL),
thyroid-stimulating hormone (TSH), adrenocorticotropic
hormone (ACTH) and gonadotropic hormone (GTH). These
hormones regulate thyroidal, adrenal and gonadal function in
additiontolactation, bodily growth and somatic development!.

Several spontaneous mutant dwarf animals have been
used to gain insight into genes involved in dwarfism. Strains
of mice that exhibit autosomally inherited dwarfism include
Snell dwarf (dw)? and Ames dwarf (df)?, both of which are
forms of primary hypopituitarism. The dw and df mice fail to
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produce PRL, TSH and GH*® and are useful animal models
of panhypopituitarism. Hypothyroid mice (kyf)® and rats
(rdw)’ are known to be the forms of primary hypothyroidism
that are associated with a congenital thyroid hormone
deficiency. The thyroid of 4yt mice lacks functional TSH
receptors®?, with a relatively small somatotrope (GH cell)
population in the pituitary!® and a high plasma TSH
concentration''. The pituitary of rdw rats is composed of
reduced numbers of GH and PRL cells’, exhibiting declined
levels of GH and PRL mRNA and elevated levels of TSH
mRNA. In association with these phenomena, plasma GH
and PRL levels are low'?>!? and plasma TSH levels are
highIB—IS'

The growth-retarded (gr#) mouse is a mutant with
congenital primary hypothyroidism that shows a
characteristic growth pause followed by delayed onset of
pubertal growth!®, Plasma concentrations of thyroxine (T)
are significantly lower in g7t mice compared with controls!®,
whereas TSH concentrations are greatly elevated!”!8, The
unresponsive nature of TSH receptors to TSH is considered
to be attributable to dysfunction of the grt thyroid gland®.
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Sasaki et al. reported that a missense mutation of
tyrosylprotein sulfotransferase 2 (7pst2) is responsible for
this phenotype and proposed that tyrosine sulfation of TSH
receptors by TPST2 is crucial for TSH signaling and thyroid
gland function!®. Severe postnatal growth retardation and
hormonal abnormalities are observed in grt mice'®. In male
grt mice, delayed testicular development is associated with
reduced fertility??, Ovarian and uterine development is
defective in female grt mice, which results in infertility?!22,
The density of immunoreactive GH and PRL cells is lower in
grt mice than in normal mice at 12—13 months of age!S.
However, the developmental pattern of these cells in the
anterior pituitary of grt mice has not been described, nor has
the endocrine status of these hormone levels in the plasma.
Thus, we examined the developmental pattern of
somatotropes, lactotropes (PRL cells) and thyrotropes (TSH
cells), as well as developmental changes in plasma hormone
concentrations, in normal and grt mice.

Materials and Methods

Animals

Phenotypically male normal (+/+ or grt/+) and growth-
retarded (grt/grt) mice were obtained as described
previously!'?. The mice were maintained under controlled
temperature (23 £ 1°C), relative humidity (60 £ 5%) and
lighting (08:00-20:00) conditions. Commercial laboratory
chow (CRF-1, Charles River Japan, Inc., Kanagawa, Japan)
and tap water were available ad libitum. All experimental
procedures were performed in accordance with the
“Institutional Guidelines for Animal Care and Use” of
Saitama University (Saitama, Japan).

Hormones and antisera

Mouse PRL (AFP-6476C), mouse GH (AFP-10783B),
rabbit anti-mouse PRL serum (AFP-131078) and monkey
anti-rat GH serum (NIDDK-anti-rGH-S-5) were supplied by
the Pituitary Hormone & Antisera Center, Harbor-UCLA
Medical Center, Los Angeles, CA, USA. Goat anti-rabbit
IgG serum (HAC-RBA2-05GTP91), goat anti-monkey IgG
serum (HAC-MKA2-02GTP88), rabbit anti-rat GH (HAC-
RT25-02RBP85), rabbit anti-rat PRL (HAC-RT26-
02RBP85) and rabbit anti-rat TSH (HAC-RT29-01RBP86)
serum were the gifts from the Institute for Molecular and
Cellular Regulation, Gunma University, Maebashi, Japan.

Immunohistochemistry

To examine developmental changes in the three types
of hormone-producing cells in the anterior pituitary,
pituitary gland specimens were prepared from male grt/grt
and phenotypically normal (gr#/+ and +/+) mice at 2, 5, 8,
12, 24 and 48 weeks of age. All mice were sacrificed under
anesthesia. The mice were divided into two groups for the
following studies. Pituitaries from 8-, 12-, 24- and 48-weeks
were carefully isolated, weighed and stored at —20°C to
assay protein (not reported here). For histological studies,

pituitaries with the median eminence attached were carefully
removed from 2-, 5-, 8-, 12-, 24- and 48-week-old mice and
fixed with acetic acid-free Bouin’s fluid for at least 24 h to
identify the exact orientation in histological sections. The
pituitaries were dehydrated in graded ethanol and embedded
in paraffin. Sagittal sections (4 um thick) were cut and
processed immunohistochemically by the peroxidase anti-
peroxidase complex method using rabbit antiserum against
rat GH, rat PRL and rat TSH. Deparaffinized sections were
incubated in a solution of 3% H,0O, for 20 min to block
endogenous peroxidase activity. After rinsing twice with 10
mM phosphate-buffered saline (PBS, pH 7.4), the sections
were treated with diluted normal swine serum (1:20; Dako,
Glostrup, Denmark) for 30 min at room temperature. The
sections were rinsed with PBS and then incubated
sequentially with anti-GH serum (1:4000), anti-PRL serum
(1:4000) or anti-TSH serum (1:6000) overnight at 4°C,
followed by swine anti-rabbit IgG (1:50; Dako) for 1 h at
room temperature and then rabbit peroxidase anti-peroxidase
complex (1:200, Dako) for 1 h at room temperature. The
sections were rinsed in PBS, and the peroxidase activity was
visualized with 0.1% diaminobenzidine (Wako Pure
Chemical Industries, Osaka, Japan) in 0.05 M Tris-HCI (pH
7.4) containing 0.005% H,0,. After washing in distilled
water, the sections were counterstained with hematoxylin.

Counting of immunoreactive cells

The pituitaries from 3 mice in each group were used.
Each sample was sectioned sagittally through the pituitary,
and then the approximately one-quarter (1/4), half
(midsagittal position) (1/2) and three-quarters (3/4) positions
were selected for analysis. The number of immunoreactive
cells as well as the number of total pituitary cells on the three
sections was counted under a light microscope. The ratio of
the number of immunoreactive cells to the number of total
pituitary cells was calculated and expressed as a percentage.

Hormone determinations

Blood samples were collected from 4—17 mice in each
experimental group (except for normal mice at 48 weeks of
age; n=2) between 14:00 and 18:00 h by orbital puncture.
Plasma samples were obtained by centrifugation at 4°C and
stored at —30°C for analysis. Radioimmunoassays for plasma
GH and PRL were performed according to the method
described previously?. Purified mouse GH and mouse PRL
were used as antigens and reference standard, respectively.
Plasma T4 and TSH levels were assayed using
radioimmunoassays for T4 (Ortho-Clinical Diagnostics,
Raritan, NJ, USA) and rat-TSH (GE Healthcare Bio-
Sciences Corp., Piscataway, NJ, USA), respectively,
according to the manufacturer’s instructions.

Statistical analysis

Values were expressed as the mean + SEM. The
statistical significance (P<0.05) of differences was
determined using Student’s or Welch’s ¢-test.
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Results

Pituitary growth

The weights of male normal (1.42 + 0.12 mg) and grt
(1.53 £ 0.09 mg) pituitaries were comparable at 8§ weeks of
age. The pituitaries of male grt mice (1.58 + 0.05 mg) were
significantly heavier than those of normal mice (1.18 £ 0.03
mg) at 12 weeks of age and were approximately 5.4-fold
heavier than those of normal mice at 48 weeks of age (5.92 +
1.09 vs. 1.50 + 0.05 mg, respectively; Fig. 1).

Immunohistochemistry of GH, PRL and TSH cells

Representative photomicrographs of GH, PRL and TSH
cells in sagittal sections of anterior pituitary glands from 5-
week-old male grt and normal mice are shown in Fig. 2. In
the normal mouse pituitary, GH and PRL cells were
uniformly widespread (Fig. 2, A and C). In grt mice, there
were fewer GH and PRL cells than in normal mice (Fig. 2, B
and D). The number of TSH cells was greater in grt mice
than in normal mice (Fig. 2, E and F). TSH cells in the gr¢
pituitary exhibited hypertrophy and hyperplasia, and their
immunoreactivity for TSH was weak compared with that of
the thyrotropes in the normal pituitary.

Developmental changes of GH, PRL and TSH cells in
anterior-lobe cells GH cells

The number of GH cells was significantly lower in grt
mice than in normal mice from 2 weeks of age (713 £ 23 and
1772 + 119, respectively) to 8 weeks of age. However, the
numbers of GH cells gradually increased with age in grt and
normal mice from 12 weeks to 48 weeks of age (4638 + 555
and 5371 £ 636, respectively; Fig. 3A).

PRL cells

At 2 weeks of age, the number of PRL cells was
significantly lower in gr# mice than in normal mice (3.7 £ 2.7
and 68 £ 51, respectively). Normal mice had a pubertal rise
in the number of PRL cells at 8 weeks of age. However, the
rise was considerably delayed in grt mice, and the number of
PRL cells was significantly lower than in normal mice up to
48 weeks of age (1058 £ 153 and 2626 + 522, respectively;
Fig. 3B).

TSH cells

There were significantly more TSH cells in grf mice
than in normal mice at 2 weeks of age (581 = 38 and 299 +
59, respectively). This increase of TSH cells in the grt
pituitary remained significant up to 48 weeks of age (1490
163 and 436 + 11, respectively; Fig. 3C).

Total pituitary cells

There was no significant difference in the total number
of anterior pituitary cells between grt and normal mice from
2 weeks of age (4508 + 145 and 4845 £ 252, respectively) to
24 weeks of age. However, the value for grt mice became
significantly higher than that for normal mice at 48 weeks of
age (19095 + 753 and 12405 + 971, respectively; Fig. 3D).

10 -

| ONormal
8 - Hgrt *
°
£ 61
5
.a 4 -
= . *
Sl 01
i B
8 12 24 48
Age (weeks)

Fig. 1. Pituitary weight in normal and growth-retarded
(grt) male mice. Values represent the mean = SEM
of 3 to 5 mice for each group. *Significantly
different from age-matched normal mice (P<0.05).

Percentages of GH, PRL and TSH cells

The percentage of GH cells per section was
significantly lower in grt mice than in normal mice at 2
weeks of age (15.9 £ 1.0% and 36.5 + 0.7%, respectively)
and then gradually increased up to 12 weeks of age.
Thereafter, the percentage of GH cells in grt mice gradually
decreased; the values were significantly lower in grt mice
compared with normal mice at 24 and 48 weeks of age (Fig.
4). The percentage of PRL cells in grt and normal mice was
comparable at 2 weeks of age (0.08 = 0.06% and 1.5 + 1.2%,
respectively), but the percentage in grt mice was
significantly lower than in normal mice from 5 through 48
weeks of age (Fig. 4). In contrast, the percentage of TSH
cells was significantly greater in grt mice than in normal
mice from 2 weeks (13.0 £ 1.2% and 6.2 = 1.1%,
respectively) through 48 weeks of age (7.8 £ 0.6% and 3.6 £
0.4%, respectively; Fig. 4). In normal mice, the sum of the
relative proportions of these cells plateaued at 8 weeks,
where it remained up to 48 weeks. In grt mice, these
proportions almost reached normal levels at 12 weeks of age
but gradually declined after 24 weeks (Fig. 4).

Plasma hormone concentrations

In normal mice, plasma GH levels rose at 5 weeks of
age and then peaked with a value of 26 ng/ml at 8 weeks of
age. There was no pubertal rise in plasma GH in grt mice at
this time, although small and transient rises of GH levels
were observed after 5 weeks of age. Plasma GH levels did
not differ significantly between grt and normal mice up to 24
weeks of age. At 48 weeks, however, GH levels in grt mice
were significantly higher than in normal mice (Fig. 5A).
Plasma PRL levels in normal mice had a transient pubertal
peak at 5 weeks of age (63 ng/ml) and then gradually
decreased to adult levels where they remained up to 48
weeks of age. In grt mice, PRL levels lacked a pubertal rise
and were significantly lower than those of normal mice from
5 weeks through 48 weeks of age (31.1 £2.2 and 47.6 £2.9
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Fig. 2. Representative photomicrographs of anterior pituitary sections from 5-week-old normal (A, C, E) and grt (B, D, F) male mice.
The sections were immunostained with antisera against rat growth hormone (GH) (A, B), prolactin (PRL) (C, D) and thyroid-
stimulating hormone (TSH) (E, F) and counterstained with hematoxylin. Scale bar, 50 gm.

ng/ml, respectively; Fig. 5B). Plasma TSH levels in normal
mice remained between 25 and 40 ng/ml at all ages
examined. In grt mice, plasma TSH levels were dramatically
higher than those in normal mice from 2 through 48 weeks of
age (465.5 £ 107.7 and 36.3 + 6.4 ng/ml, respectively; Fig.
5C), whereas plasma Ty levels in grt mice were invariably
lower than those in normal mice throughout the period from
2 to 48 weeks of age (13.8 £ 1.6 and 24.3 £ 0.7 ng/ml,
respectively; Fig. 5D).

Discussion

The present study was conducted to evaluate the
developmental pattern of GH, PRL and TSH cells, as well as
circulating plasma hormone levels, in a congenital
hypothyroid mouse, grt. The pituitary growth and

developmental composition ratios of these cells were altered
drastically in grt mice (Figs. 1-4). In contrast to GH and
PRL cells, TSH cells in the grf mouse pituitary are increased
in number, although their immunoreactivities were relatively
weak, presumably because they were in a state of
hypersecretion.

In rats treated with the reversible goitrogen
propylthiouracil, the percentage of TSH cells in the pituitary
increases and that of GH cells decreases”*?*. In neonatally
thyroidectomized rats, PRL mRNA levels, PRL contents in
the pituitary and serum PRL concentrations are decreased®.
Propylthiouracil treatment leads to a marked increase in
circulating TSH?’. These phenomena are in accordance with
our results in grt mice, all coming from the deceased levels
of plasma thyroid hormone.

The grt mice used in the present experiment, which have
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Fig. 3. Developmental changes in the numbers of GH- (A), PRL- (B), TSH-immunoreactive cells (C) and total pituitary cells (D) in normal
and grt male mice. Each point represents the mean + SEM of 3 mice. *Significantly different from age-matched normal mice (P<0.05).
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Fig. 4. Mean percentages of GH, PRL and TSH cells in the pituitaries of developing normal and grf male mice.

characteristics of congenital hypothyroidism, are derived
from phenotypically normal DW/J mice by autosomal
recessive inheritance. The growth pattern of grt mice differs
from that of dw mice!®, which have been used as a rodent
model of panhypopituitarism?. The dw phenotype is caused by
a point mutation in the gene encoding pituitary transcription

factor-1 (Pit-1), which is an essential factor for the
development and proliferation of GH cells, PRL cellsand TSH
cells 2. In the case of dw mice, the pituitary lacks GH, PRL
and TSH cells, as demonstrated by immunocytochemically
using both light microscopy®’ and electron microscopy?’. In
association with this, immunoassayable GH and PRL levels
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Fig. 5. Developmental changes in the plasma GH (A), PRL (B), TSH (C) and T4 (D) levels in normal and grf male mice. Data points
represent the mean + SEM of 4 to 17 mice. *Significantly different from age-matched normal mice (P<0.05).

are extremely low>!. Both &yt mice and rdw rats are also other
dwarf rodent models with congenital primary
hypothyroidism. There are fewer GH cells in 4yf mice than in
wild type'®. In 7dw rats, GH and PRL cells in the anterior lobe
are fewer than in normal rats’, and again both plasma and
mRNA levels of GH and PRL expression in the pituitary are
reduced, whereas plasma and mRNA levels of TSH are
elevated'3 ",

In the present experiment, a delay of GH cell
development was observed in grt mice during the first 8
weeks after birth (Fig. 3). According to Yoshida et al.'®, GH
content in the grt pituitary gradually increases with age but
remains below normal until about 1 year of age. A delay of
body weight increase in grt mice compared with normal
mice has also been noted. The difference in body weight
between grt and normal mice becomes apparent by 3 weeks
of age and most evident (about half of the value for normal
mice) at about 1 month of age. However, grt mice gradually
catch up with normal mice in terms of body weight, and no
difference in weight is noted between grt and normal mice at
about 1 year of age. Collectively the results from the present
study and the study by Yoshida et al.'® indicate the
importance of pituitary GH in the rapid somatic growth and

metabolic change at puberty. In contrast to the development
changes in the grt pituitary cells, plasma GH levels did not
differ between grt and normal mice except at 48 weeks (Fig.
5A). At present, it is difficult to explain the discrepancy
between the number of pituitary GH cells and circulating GH
levels at each developmental stage. GH is known to be
released in a pulsatile manner, particularly in young
animals3?, and this might be one of the reasons for the
disaccord between the plasma GH levels and GH cell
population.

PRL plays a pivotal role in reproduction and increases
the number of luteinizing hormone receptors and
responsiveness to luteinizing hormone in mouse testis®3.
Fertility is reduced in male grf mice and is associated with
delayed testicular development®. In the present study, grt
mice possessed fewer PRL cells and exhibited lower plasma
PRL levels than normal mice (Figs. 2-5). Targeted
disruption of the PRL gene in mice partially affects
reproductive development and function; PRL deficiency
reduces fertility along with delayed testicular development®*.
Thus, reduced fertility in grt mice at young ages, but not in
subsequent stages, is considered to be due in part to
insufficient PRL production.
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TSH stimulates thyroid hormone synthesis and release
from the thyroid gland and induces thyroidal
folliculogenesis. TSH secretion is under the dual control by
hypothalamic thyrotropin-releasing hormone (TRH) and
thyroid hormones®®. An experimental study on hypothyroid
animal indicates that thyroid hormones not only regulate GH
synthesis and secretion of GH but also affect differentiation
and proliferation of GH cells®. The reduction in GH mRNA
during the hypothyroidal state is accompanied by a decrease
in serum GH and pituitary GH content’’*, In grt mice, the
number of PRL cells was reduced and plasma PRL levels
remained low as compared with normal mice (Figs. 2 and 3).
A transgene ablation experiment revealed that most PRL
cells are derived from GH cells 3**°. Thus, the reduction of
PRL cells in grt mice is likely to be a consequence of
reduced numbers of GH cells.

It is known that TSH, PRL and GH cells are derived
from a common undifferentiated pituitary transcription
factor-1 (Pit-1) precursor cell?®. Accordingly, another
explanation for the underdevelopment of GH and PRL cells
in grt mice may be that the overproduction of TSH cells from
Pit-1 precursor cells reduces the potency of generation of
GH and PRL cells from the precursor cells. A study using
thyroid hormone-deficient mice showed that thyroid
hormone replacement rescues the dwarfism, prevents and
reverses the hypertrophy and hyperplasia of TSH cells and
normalizes the population of PRL cells and GH cells*'.
These findings clearly demonstrate that thyroid hormone is
critical for developing a normal component of PRL and GH
cells.

The anterior pituitaries of grf mice contain various cells
as observed in that of normal mice, namely, PRL cells, GH
cells, TSH cells, ACTH cells, GTH cells and chromophobic
cells'S. According to Hibasami ef al., chromophobic cells in
grt anterior lobes show conspicuous proliferation, resulting
in distinct hyperplasia. They concluded that the proliferation
of these cells is secondary to the hypothyroidism and is a
likely cause of the enlarged anterior lobes that are observed
in grt mice*?. In the present experiment, we also noticed that
the grt pituitary became significantly heavier than the
normal pituitary (Fig. 1), and the total number of anterior
pituitary cells in grf mice was significantly greater than that
in normal mice (Fig. 3D). Accordingly, the reduction in the
percentages of GH, PRL and TSH cells as observed after 24
weeks of age is considered to be a consequence of increased
numbers of chromophobic cells.

The gene responsible for the gr mutation is Tpst2,
which plays a crucial role in tyrosine sulfation of TSH
receptor'®. Impaired tyrosine sulfation of the TSH receptor
molecules may reduce responsiveness to TSH and
eventually cause thyroidal hypofunction in grt mice. T3
replacement therapy restores growth retardation'¢ and serum
TSH levels', indicating the importance of thyroid hormone
for normalization of grt mice. The present study indicates
that early-onset of growth retardation and the subsequent
pubertal delay in grt mice might be associated with, at least
in part, the impaired development of GH, PRL and TSH cells

that accompanies primary congenital hypothyroidism.

Acknowledgements: This study was supported by a
research grant from Saitama University to T.K. The authors
express their sincere thanks to Dr. T. Yoshida (Stardust
Square, Studio & Acupuncture Practice, Tokyo, Japan) for
supplying grt mice. Thanks are also extended to Prof. A. F.
Parlow (Pituitary Hormone & Antisera Center, Harbor-
UCLA Medical Center, Los Angeles, CA, USA) for
supplying GH and PRL and antisera against PRL and GH
and Professor Emeritus K. Wakabayashi (Institute for
Molecular and Cellular Regulation, Gunma University,
Maebashi, Japan) for the gifts of various types of antisera.
The photographs were prepared with the assistance of Ms. H.
Kubota at the National Institute of Occupational Safety and
Health, to whom we are grateful.

References

1. Ojeda SR. The anterior pituitary and hypothalamus. In:
Textbook of Endocrine Physiology, 5th ed. JE Griffin and
SR Ojeda (eds.). Oxford University Press, New York. 120—
146. 2004.

2. Snell GD. Dwarf, a new Mendelian recessive character of
the house mouse. Proc Nat Acad Sci USA. 15: 733-734.
1929.

3. Shaible R and Gowen JW. A new dwarf mouse. Genetics.
16: 896. 1961.

4. Ingraham HA, Albert VR, Chen RP, Crenshaw 3d EB,
Elsholtz HP, He X, Kapiloff MS, Mangalam HJ, Swanson
LW, Treacy MN, and Rosenfeld MG. A family of POU-
domain and Pit-1 tissue-specific transcription factors in
pituitary and neuroendocrine development. Annu Rev
Physiol. 52: 773-791. 1990.

5. Karin M, Theill L, Castrillo J-L, McCormic A, and Brady H.
Tissue-specific expression of the growth hormone gene and
its control by growth hormone factor-1. Rec Prog Horm Res.
46: 43-58. 1990.

6. Beamer WG, Eicher EM, Maltais LJ, and Southard JL.
Inherited primary hypothyroidism in mice. Science. 212:
61-63. 1981.

7. Koto M, Sato T, Okamoto M, and Adachi J. rdw rats, a new
hereditary dwarf model in the rat. Jikken Dobutsu. 37: 21-30
(in Japanese). 1988.

8. Stein SA, Oates EL, Hall CR, Grumbles RM, Fernandez
LM, Taylor NA, Puett D, and Jin S. Identification of a point
mutation in the thyrotropin receptor of the hyt/hyt
hypothyroid mouse. Mol Endocrinol. 8: 129-138. 1994.

9. Gu WX, Du GG, Kopp P, Rentoumis A, Albanese C, Kohn
LD, Madison LD, and Jameson JL. The thyrotropin (TSH)
receptor transmembrane domain mutation (Pro556-Leu) in
the hypothyroid Ayt/hyt mouse results in plasma membrane
targeting but defective TSH binding. Endocrinology. 136:
3146-3153. 1995.

10. Noguchi T, Kudo M, Sugisaki T, and Satoh I. An
immunocytochemical and electron microscopic study of the
hyt mouse anterior pituitary gland. J Endocrinol. 109: 163—
168. 1986.

11. Stein SA, Shanklin DR, Krulich L, Roth MG, Chubb CM,
and Adams PM. Evaluation and characterization of the hyt/



194

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Pituitary Cell Development in grt Mice

hyt hypothyroid mouse. II. Abnormalities of TSH and the
thyroid gland. Neuroendocrinology. 49: 509-519. 1989.
Umezu M, Fujimura T, Sugawara S, and Kagabu S. Pituitary
and serum levels of prolactin (PRL), thyroid stimulating
hormone (TSH) and serum thyroxine (T4) in hereditary
dwarf rats (rdw/rdw). Jikken Dobutsu. 42: 211-216. 1993.
Furudate S, Ono M, Shibayama K, Ohyama Y, Kuwada M,
Kimura T, and Kameya T. Rescue from dwarfism by thyroid
function compensation in rdw rats. Exp Anim. 54: 455-460.
2005.

Umezu M, Kagabu S, Jiang J, and Sato E. Evaluation and
characterization of congenital hypothyroidism in rdw dwarf
rats. Lab Anim Sci. 48: 496-501. 1998.

Sakai Y, Yamashina S, and Furudate S. Missing secretory
granules, dilated endoplasmic reticulum, and nuclear
dislocation in the thyroid gland of »dw rats with hereditary
dwarfism. Anat Rec. 259: 60-66. 2000.

Yoshida T, Yamanaka K, Atsumi S, Tsumura H, Sasaki R,
Tomita K, Ishikawa E, Ozawa H, Watanabe K, and Totsuka
T. A novel hypothyroid ‘growth-retarded’ mouse derived
from Snell’s dwarf mouse. J Endocrinol. 142: 435-446.
1994.

Tomita K, Yoshida T, Morita J, Atsumi S, and Totsuka T. In
vivo responsiveness of thyroid glands to TSH in normal and
novel ‘growth-retarded’ mice: transient elevation in normal
mice and impairment in ‘growth-retarded’ mice. J
Endocrinol. 144: 209-214. 1995.

Sasaki N, Hosoda Y, Nagata A, Ding M, Cheng IM,
Miyamoto T, Okano S, Asano A, Miyoshi I, and Agui T. A
mutation in 7pst2 encoding tyrosylprotein sulfotransferase
causes dwarfism associated with hypothyroidism. Mol
Endocrinol. 21: 1713-1721. 2007.

Kobayashi K, Yamamoto H, Kobayashi T, and Machida T.
Responses of the thyroid gland to TSH and other thyroid
stimulators in the growth-retarded (grf) mouse. Zoolog Sci.
18: 955-961. 2001.

Kobayashi K, Kubota H, and Saegusa J. Testicular
development in growth-retarded mice. Exp Anim. 56: 393—
397.2007.

Kobayashi K, Kubota H, and Saegusa J. Ovarian and uterine
development in growth-retarded mice. Exp Anim. 57: 253.
2008.

Hosoda Y, Sasaki N, and Agui T. Female infertility in grt
mice is caused by thyroid hormone deficiency, not by
insufficient TPST2 activity in the reproductive organs. J Vet
Med Sci. 70: 1043-1049. 2008.

Yamamoto K, and Kikuyama S. Radioimmunoassay of
prolactin in plasma of bullfrog tadpoles. Endocrinol Jpn. 29:
159-167. 1982.

Ozawa H. Changing ultrastructure of thyrotrophs in the rat
anterior pituitary after thyroidectomy as studied by immuno-
electron microscopy and enzyme cytochemistry. Cell Tissue
Res. 263: 405-412. 1991.

Childs GV, Taub K, Jones KE, and Chin WW.
Triiodothyronine receptor beta-2 messenger ribonucleic acid
expression by somatotropes and thyrotropes: effect of
propylthiouracil-induced hypothyroidism in rats.
Endocrinology. 129: 2767-2773. 1991.

Yamanouchi H, Kitauchi S, and Shiino M. Changes in
prolactin secretion in postnatal rats and effect of neonatal
thyroidectomy. Mol Cell Endocrinol. 134: 101-107. 1997.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Kirby JD, Jetton AE, Cooke PS, Hess RA, Bunick D,
Ackland JF, Turek FW, and Schwartz NB. Developmental
hormonal profiles accompanying the neonatal
hypothyroidism-induced increase in adult testicular size and
sperm production in the rat. Endocrinology. 131: 559-565.
1992.

Li S, Crenshaw III EB, Rawson EJ, Simmons DM, Swanson
LW, and Rosenfeld MG. Dwarf locus mutants lacking three
pituitary cell types result from mutations in the POU-domain
gene pit-1. Nature. 347: 528-533. 1990.

Bartke A. Histology of the anterior hypophysis, thyroid,
gonads of two types of dwarf mice. Anat Rec. 149: 225-235.
1964.

Wilson DB, and Wyatt DP. Immunocytochemical effects of
thyroxine stimulation on the adenohypophysis of dwarf (dw)
mutant mice. Cell Tissue Res. 274: 579-585. 1993.

Sinha YN, Salocks CB, and Vanderlaan WP. Pituitary and
serum concentrations of prolactin and GH in Snell dwarf
mice. Proc Soc Exp Biol Med. 150: 207-210. 1975.

Sonntag WE, Steger RW, Forman LJ, and Meites J.
Decreased pulsatile release of growth hormone in old male
rats. Endocrinology. 107: 1875-1989. 1980.

Bartke A, Hafiez AA, Bex FJ, and Dalterio S. Hormonal
interactions in regulation of androgen secretion. Biol
Reprod. 18: 44-54. 1978.

Steger RW, Chandrashekar V, Zhao W, Bartke A, and
Horseman ND. Neuroendocrine and reproductive functions
in male mice with targeted disruption of the prolactin gene.
Endocrinology. 139: 3691-3695. 1998.

Griffin JE. The Thyroid. In: Textbook of Endocrine
Physiology, S5th ed. Griffin JE and Ojeda SR. Oxford
University Press, New York. 294-318. 2004.

De Gennaro V, Colonna V, Bertora G, Coco CB, Bifano M,
Cocchi D, Maggi A, and Muller EE. Hypothalamic pituitary
somatotropic function in prepubertal hypothyroid rats:
Effect of growth hormone replacement therapy. Proc Soc
Exp Biol Med. 196: 432-437. 1991.

Lloyd RV, Jin L, Song JY, Terry LC, Horvath E, and Kovacs
K. Effects of propylthiouracil on growth hormone and
prolactin messenger ribonucleic acids in the rat pituitary.
Lab Invest. 62: 347-354. 1990.

Rodriguez-Garcia M, Jolin T, Santos A, and Perez-Castillo
A. Effect of prenatal hypothyroidism on the developmental
regulation of rat pituitary growth hormone and thyrotropin
genes. Endocrinology. 136: 4339—4350. 1995.

Behringer RR, Mathews LS, Palmiter RD, and Brinster RL.
Dwarf mice produced by genetic ablation of growth
hormone-expressing cells. Genes Dev. 2: 453—461. 1988.
Borrelli E, Heyman RA, Arias C, Sawchenko PE, and Evans
RM. Transgenic mice with inducible dwarfism. Nature. 339:
538-541. 1989.

Stahl JH, Kendall SK, Brinkmeier ML, Greco TL, Watkins-
Chow DE, Campos-Barros A, Lloyd RV, and Camper SA.
Thyroid hormone is essential for pituitary somatotropes and
lactotropes. Endocrinology. 140: 1884—1892. 1999.
Hibasami H, Yoshida T, Totsuka T, Atsumi S, and
Nakashima K. Expression of high activity of ornithine
decarboxylase and occurrence of unusual chromophobic
cells in anterior pituitary gland of a novel growth-retarded
strain of mice, grm/grm. Biochim Biophys Acta. 1226: 110-
114. 1994.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


