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1. Introduction

Presenilin-1 (PS1) is a transmembrane protein that is in many

cases responsible for the development of early-onset familial

Alzheimer’s disease (Cruts and Van Broeckhoven, 1998a,b). Full-

length PS1 undergoes endoproteolytic cleavage, generating stable

N-terminal and C-terminal fragments that interact with other

proteins to form a macromolecular complex with g-secretase
activity. This enzyme is required for regulated intramembrane

proteolysis of several membrane proteins, such as amyloid

precursor protein, Notch, and cadherins (De Strooper et al., 1999;

Marambaud et al., 2002, 2003; Koo and Kopan, 2004). In addition to

theproteolyticg-secretase function, PS1has an important role in the

turnover of b-catenin, a molecule essential for Wnt signaling and

cell adhesion (Kang et al., 2002; Gottardi and Gumbiner, 2004).

The biochemical functions as well as the biologic significance

of PS1 in vivo have been revealed. Earlier studies of PS1-

knockout null mice have contributed to our understanding of

the in vivo functions of PS1 in neurogenesis, somitogenesis,

angiogenesis, and cardiac morphogenesis (Shen et al., 1997;

Wong et al., 1997; Handler et al., 2000; Koizumi et al., 2001;

Yuasa et al., 2002; Nakajima et al., 2003, 2004). The role of PS1 in

the postnatal stages, however, has not been examined because

PS1 null mice die during late gestation. A relatively new

approach, however, using conditional knockout (cKO) mice,

which are born and grow up, has allowed for the examination of

PS1 function during the postnatal period (Yu et al., 2001; Saura

et al., 2004).

Neural crest cells are multipotent progenitors that possess the

unique property of contributing to the development of a variety of

adult tissues, such as the peripheral and enteric nervous system,

bone and connective tissue of the head and neck, and the outflow

tract of the developing heart (Chai et al., 2000; Jiang et al., 2000).

During early embryogenesis, neural crest cells migrate from the

dorsal neural tube to each final differentiation site. Many cellular

mechanisms crucial to embryonic development depend on this cell

lineage.

In the present study, we examined the role of PS1 in the neural

crest cell lineage using mice conditionally lacking PS1 in this cell

lineage. Our findings indicate that PS1 is required for the

Int. J. Devl Neuroscience 27 (2009) 837–843

A R T I C L E I N F O

Article history:

Received 17 May 2009

Received in revised form 16 July 2009

Accepted 3 August 2009

Keywords:

Conditional knockout mouse

Wnt1

Pituitary

Growth hormone

Presenilin-1

A B S T R A C T

Presenilin-1 (PS1) is a transmembrane protein that is in many cases responsible for the development of

early-onset familial Alzheimer’s disease. PS1 is essential for neurogenesis, somitogenesis, angiogenesis,

and cardiac morphogenesis. We report here that PS1 is also required for maturation and/or maintenance

of the pituitary gland. We generated PS1-conditional knockout (PS1-cKO) mice by crossing floxed PS1

andWnt1-cre mice, in which PS1 was lacking in the neural crest-derived cell lineage. Although the PS1-

cKO mice exhibited no obvious phenotypic abnormalities for several days after birth, reduced body

weight in the mutant was evident by the age of 3–5 weeks. Pituitary weight and serum insulin-like

growth factor (IGF)-1 level were also reduced in the mutant. Histologic analysis revealed severe atrophy

of the cytosol in the anterior and intermediate pituitary lobes of the mutant. Immunohistochemistry did

not reveal clear differences in the expression levels of thyroid-stimulating hormone, adrenocorticotropic

hormone, or prolactin in the mutant pituitary. In contrast, growth hormone expression levels were

reduced in the anterior lobe of themutant. PS1was defective in the posterior lobe, but not the anterior or

intermediate lobes, in the mutant pituitary. These findings suggest that PS1 indirectly mediates the

development and/or maintenance of the anterior and intermediate lobes in the pituitary gland via

actions in other regions, such as the posterior lobe.
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development and/or maintenance of the anterior and intermediate

lobes of the pituitary gland.

2. Experimental procedures

2.1. Animals

All mice were maintained under a controlled temperature and photoperiod

(23 8C, 12 h light and 12 h dark) with food and water provided ad libitum. All

experimental procedures followed the Guideline for Animals Experimentation

prepared by the Animal Care and Use Committee of Matsuyama University.

PS1 floxedmice were described previously (Yu et al., 2001). Wnt1-cre transgenic

mice (Danielian et al., 1998) were obtained from The Jackson Laboratory (Bar

Harbor, ME; #003829). The Wnt1-cre transgene has been used extensively to

inactivate floxed genes in almost all neural crest cell lineages (Chai et al., 2000; Jiang

et al., 2000; Brewer et al., 2004). ROSA26-cre-reporter mice (Mao et al., 1999) were

also from The Jackson Laboratory (#003504). Mice with a C57BL/6J and 129 hybrid

background were used. Embryonic age was determined according to the vaginal

plug, with noon of the day of plug observation defined as E0.5.

2.2. Skeletal analysis

Skeletal preparations were made using an alcian blue-alizarin red procedure,

staining cartilage in blue and ossified, calcium-containing tissue in red (Kessel and

Gruss, 1991). One-day-old mice were eviscerated, fixed in 100% ethanol for 2 days,

kept in acetone for 2 days, and rinsed with water. They were stained for 3 days in

staining solution consisting of 1 volume (vol.) of 0.3% alcian blue 8GX (Sigma, St.

Louis, MO; #A3157) in 70% ethanol, 1 vol. of 0.1% alizarin red S (WAKO, Osaka,

Japan; #1-119) in 95% ethanol, 1 vol. of 100% acetic acid, and 17 vol. of ethanol.

After rinsing, the specimens were kept in 1% potassium hydroxide for 11 days with

replacement every 2–3 days, and then kept in 50% ethanol and 20% glycerol solution

for 3 days for clarification. Photographs were taken under a stereomicroscope.

2.3. Serum and tissue collection

Blood was collected by cardiac puncture in anesthetizedmice. Serumwas frozen

and stored at �80 8C. Insulin-like growth factor (IGF)-1 level in the sera was

determined by Quantikine Mouse IGF-1 Immunoassay (R&D Systems, Minneapolis,

MN). Pituitaries were fixed in 4% paraformaldehyde in phosphate-buffered saline

(PBS) at 4 8C overnight and weighed.

2.4. Histology, immunohistochemistry, and detection of b-galactosidase (lacZ)

activities

For hematoxylin and eosin staining, pituitaries were fixed in 4% paraformalde-

hyde in PBS at 4 8C, embedded in paraffin, and sectioned at a thickness of 4mm.

For immunohistochemistry, pituitaries were fixed in 4% paraformaldehyde in

PBS at 4 8C, and embedded in paraffin or frozen in OCT compound (Sakura

Finetechnical, Tokyo, Japan) following serial penetrations with 10, 20, and 30%

sucrose in PBS. In the immunohistochemistry using paraffin sections, antigen

retrieval was performed after deparaffinization and rehydration by treatment of

slides with boiling Target Retrieval Solution (DAKO no. S1700, Carpinteria, CA) for

40 min. Endogenous peroxidase activity was blocked by incubation with 3%

hydrogen peroxide in distilled water for 10 min. The sections were incubated with

anti-PS1-C-terminal fragment antibody (R007, 1:100 dilution, Koizumi et al., 2001)

or anti-mouse growth hormone (GH) (1:2000 dilution, A. Parlow, National

Hormone and Peptide Program, Torrance, CA) overnight. After washing in PBS,

the immunoreactivities were detected with ENVISION+ system HRP Rabbit (DAKO,

#K4002) and diaminobenzidine. The sections were counterstained with methyl-

green.

In the case of the immunohistochemistry using frozen sections (16 mm thick),

specimens were postfixed in 4% paraformaldehyde in PBS for 15 min. Endogenous

peroxidase activity was blocked by incubation with 0.5% hydrogen peroxide in

methanol for 30 min. The sections were incubated with anti-mouse GH (1:2000

dilution), anti-rat thyroid-stimulating hormone (TSH) beta (1:2000 dilution, A.

Parlow), anti-mouse prolactin (PRL) (1:2000 dilution, A. Parlow), or anti-rat

adrenocorticotropic hormone (ACTH) (1:5000 dilution, A. Parlow) overnight. After

washing in PBS, immunoreactivity was detected with ENVISION+ system HRP

Rabbit and diaminobenzidine. The sections were counterstained withmethylgreen.

The pituitaries of the 5-week-old mice were stained for b-galactosidase activity

according to the standard procedures. The pituitaries were fixed for 60 min at room

temperature in fixation buffer containing 0.2% glutaraldehyde, 5 mMEGTA (pH 8.0),

2 mM MgCl2, 1.5% formaldehyde, and 100 mM sodium phosphate (pH 8.0). The

fixed tissues were then washed three times with a washing buffer containing 0.01%

sodium deoxycholate, 0.02% NP-40, 2 mM MgCl2, and 100 mM sodium phosphate

(pH 8.0), and subjected to X-gal staining. The reactions were performed for 1 day at

room temperature with a staining solution including 0.1% X-gal, 5 mM potassium

ferrocyanide, and 5 mM potassium ferricyanide in the washing buffer. After

staining, the tissues were rinsed twice in PBS and postfixed in 3.7% formaldehyde in

PBS. The pituitaries were sectioned to observe lacZ expression at the cellular level;

the pituitaries stained by X-gal were embeddedwith OCT compound. Sectionswere

cut at a 16-mm thickness and counterstained with Nuclear Fast Red (Sigma,

#N3020).

2.5. Statistics

Statistical significance was determined by a two-tailed paired Student’s t-test or

Z-test. A P value of less than 0.05 was considered statistically significant.

3. Results

To generate mice lacking PS1 in the neural crest cell lineage, we

crossed floxed PS1 and Wnt1-cre mice, which were previously

described (Danielian et al., 1998; Yu et al., 2001; Saura et al., 2004).

In contrast to PS1 null mice, which die perinatally (Shen et al.,

1997; Wong et al., 1997; Handler et al., 2000; Koizumi et al., 2001;

Yuasa et al., 2002; Nakajima et al., 2003, 2004), the PS1-cKO mice

were viable with no obvious phenotypic abnormalities for several

days after birth. Both male and female mutant mice, however,

showed a significantly reduced weight by the time of weaning

(Fig. 1). Although extremely low-weight mutant mice died at

around 3–7 weeks of age, the remaining mutant mice matured

with a reduced weight and were fertile. In this report, we refer to

mice under 17.9 g for males and 15.6 g for females (mean minus

two standard deviations) at 5 weeks of age as ‘‘lightweight mice’’.

Because most of the lightweight mutant mice had a shortened as

well as lean trunk (Fig. 2), we first examined whether abnormal

axial bone formation caused the reduced weight in the mutant.

Although analysis of the skeletal preparation of 1-day-old mutants

revealed that most of the cartilage was missing in the occipital

region, bone malformations were restricted to only this region

(Fig. 3), indicating that bone malformation was not a major cause

of the reduced weight.

We then focused on hormonal regulation abnormalities as a

cause of the reduced weight. As the phenotype of reduced weight

in the cKO male mice was more severe than that in females, we

used male mice for subsequent analyses. Because we failed to

detect GH in the sera from the cKO and control mice by

radioimmunoassay methods (<3.2 ng/ml in 5-week-old mice),

we measured serum IGF-1 levels by enzyme-linked immunosor-

bent assay instead. IGF-1 expression is regulated by GH and

mediates many of the postnatal effects of GH (Daughaday and

Rotwein, 1989). The mean serum IGF-1 levels in PS1-cKO were

significantly reduced (P < 1 � 10�6; Fig. 4). The lightweight

mutant mice exhibited low serum IGF-1 levels, while IGF-1 levels

of the non-lightweight mutants were comparable to those of

Fig. 1. Comparison between body weight of PS1-cKO and control mice. Bodyweight

of PS1-cKO and control mice wasmeasured at the age of 5weeks. Mean � SEM body

weight in PS1-cKO and control male mice (A) was 18.78 � 0.74 g (n = 53) and

23.35 � 0.29 g (n = 91), respectively. Mean � SEM body weight in PS1-cKO and control

female mice (B) was 17.06 � 0.53 g (n = 40) and 19.15 � 0.20 g (n = 77), respectively.

The difference in the body weight means between the PS1-cKO and control mice was

significant in (A) males (P < 1 � 10�8) and (B) females (P < 0.0005), respectively. Blue

bar = mean body weight.
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control mice. We then measured the pituitary gland weight in the

mutants. Mean pituitary weight in PS1-cKO was significantly

reduced (P < 1 � 10�6). The lightweight mutant mice showed a

reduced pituitary weight, whereas the pituitary weight of the non-

lightweight mutants was comparable to that of control mice

(Fig. 5), indicating that the lightweight PS1-cKO mice had a small

pituitary with reduced IGF-1 expression.

The morphologic defect of the pituitary in the mutant mice in

which the anterior lobe is contracted is shown in Fig. 6. Histologic

analysis using hematoxylin eosin staining revealed severe atrophy

of the cytosol in the anterior and intermediate lobes of the mutant

(Fig. 7). Immunohistochemistry did not reveal clear differences in

the expression levels of TSH, ACTH, or PRL in the mutant pituitary

(Fig. 8). The GH expression levels, however, were reduced in the

Fig. 2. External appearance of PS1-cKO mouse. Lightweight PS1-cKO mice had a

shortened trunk in addition to decreased body weight compared to control mice (4

weeks old, male).

Fig. 3. Bone formation in PS1-cKO mice. The skeleton of PS1-cKO and control mice

was examined by alizarin red and alcian blue staining on postnatal day 1. Ossified,

calcium-containing tissues stained in red in (B) PS1-cKO mice were comparable to

those in (A) control mice. A slight defect in cartilage (stained in blue) was detected

in the occipital region of the PS1-cKOmice, as indicated by the arrows (otic capsule)

and arrowheads (the 1st and 2nd vertebrae) in (B). Bar = 5 mm. (For interpretation

of the references to color in this figure legend, the reader is referred to the web

version of the article.)

Fig. 4. Serum IGF-I deficiency in PS1-cKO mice. Serum IGF-I levels in PS1-cKO and

control male mice were measured at the age of 5 weeks by enzyme-linked

immunosorbent assay. The IGF-1 concentration values are plotted on the ordinate

corresponding to each body weight on the abscissa. Mean � SEM serum IGF-1 level

in PS1-cKO and control mice was 253 � 134 ng/ml (n = 36) and 482 � 111 ng/ml

(n = 15), respectively. The difference of the means is significant (P < 1 � 10�6).

Fig. 5. Reduced pituitary weight in PS1-cKO mice. Pituitary weight in PS1-cKO and

control male mice was measured at 5 weeks of age. The values of pituitary weights

or pituitary weight/body weight are plotted on the ordinate corresponding to each

body weight on the abscissa. (A) Mean � SEM pituitary weight in PS1-cKO mice

(1.36 � 0.45 mg, n = 29) was significantly lower than that in control mice

(1.99 � 0.33 mg, n = 28; P < 1 � 10�6). (B) Mean pituitary weight/body weight in

PS1-cKO mice ((78.26 � 2.32) � 10�6, n = 29) was not different from that in control

mice ((82.67 � 1.80) � 10�6, n = 28; P = 0.14).
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anterior lobe of the mutant; cells with no GH immunoreactivity

were increased in the anterior lobe of the mutant compared to the

control (Fig. 8), and the anterior region containing GH-producing

cells was particularly small in the mutant (Fig. 6).

To identify the areas lacking the Ps1 gene in the PS1-cKO mice,

X-gal staining of the pituitary was performed using ROSA26

reporter mice crossed with the Wnt1-cre mice. X-gal staining

suggested a defect of the floxed Ps1 gene in the posterior lobe, but

not in the anterior or intermediate lobes (Fig. 9). Reduced PS1

protein levels in the posterior lobe in the mutant were confirmed

by immunohistochemistry using anti-PS1 antibody, whereas

residual PS1 protein expression was present in the anterior lobe

(Fig. 10).

4. Discussion

To elucidate the possible role of PS1 in the neural crest cell

lineage, we developed Wnt1-cre-induced PS1-cKO mice in which

PS1 is lacking in the tissues comprising neural crest-derived cells.

We failed to detect any obvious abnormalities in the embryos of

PS1-cKO mice, in which deletion of the floxed PS1 gene with cre

recombinase expressed under the control of the Wnt1 promoter

was confirmed by whole mount X-gal staining in the peripheral

nervous system, such as the dorsal root ganglia, craniofacial

regions, cerebellum, mesencephalon, and diencephalon (data not

shown). Several weeks after birth, however, the mutant mice

exhibited an unexpected phenotype of reduced weight. Several

lines of evidence, including the reduction of IGF-I, pituitaryweight,

and GH immunoreactivity in the anterior lobe of the pituitary,

indicate that PS1-cKOmice might be an animal model of dwarfism

with hypopituitarism.

PS1-cKO mice showed great variations in body weight, IGF-I

level, and pituitary weight. Uneven expression of the Wnt1

promoter or inconsistent efficiency of the Cre recombinase would

not account for the variations because lacZ expression by the

Wnt1-cre allele was detected almost all over the posterior lobe of

ROSA26 reporter mice (Fig. 9) and PS1 protein was completely

defective in the mutant posterior lobe (Fig. 10). One possible

reason for this discrepancy is the usage of C57BL/6J and 129

hybrid-background mice. Presenilin-2 (PS2), a highly homologous

protein to PS1, is known to have functional redundancy with PS1

(Donoviel et al., 1999). Differential PS2 expression due to

differences in the mouse strain background might lead to great

variations in the phenotype.

GH regulates the expression of IGF-1 from the liver and

peripheral tissues. IGF-1 acts on target tissues by autocrine,

paracrine, and endocrinemechanisms. Consequently, the effects of

GH on somatic growth are achieved by the direct actions of GH and

indirect actions of IGF-1 (Daughaday and Rotwein, 1989). The

actions of the GH/IGF-1 axis involve postnatal growth, including

bone development (Donahue and Beamer, 1993; Baker et al., 1993;

Mohan et al., 2003). Thus, the decreased IGF-1 levels in the sera

from PS1-cKOmicemay be due to the reduced production of GH in

the pituitary and the defect of the GH/IGF-1 axis results in the

reduced body weight and shortened trunk in the mutant.

PS1 is a major component of g-secretase, which processes the

intramembrane or cytoplasmic domain of several membrane

proteins, such as amyloid precursor protein, Notch, and cadherins

(De Strooper et al., 1999; Marambaud et al., 2002, 2003; Koo and

Kopan, 2004). The subsequent localization to the nucleus of the

processed cytoplasmic domains of these proteins is suggested to

mediate the PS1 signal transduction. Recently, the GH receptorwas

reported to be a new member of these g-secretase substrates

(Cowan et al., 2005). Accordingly, GH receptor processing and its

potential downstream event, such as IGF-1 expression, might be

Fig. 6. Atrophy in the anterior pituitary of PS1-cKO mice. Appearance of the

pituitary in (B) PS1-cKO and (A) control male mice was compared at the age of 5

weeks. Atrophy in the anterior region of themutant is evident. Bodyweight; control

21 g, cKO 11 g. Bar = 1 mm.

Fig. 7. Atrophy of the cytosol in the anterior and intermediate lobes of PS1-cKO mice. HE staining of paraffin sections revealed the histologic abnormality in the pituitary of

PS1-cKO male mice (5 weeks old). The interval between the nuclei is reduced in the anterior and intermediate lobes, but not in the posterior lobe, of the PS1-cKO mice. The

contraction of the cytosol is obvious in the anterior and intermediate lobes of the mutant (white arrows). The black arrows indicate mature cytosol in the anterior and

intermediate lobes of the control. Body weight; control 21 g, cKO 11 g. Bar = 10 mm.
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affected by the conditional inactivation of floxed PS1 alleles in the

neural crest cell lineage of the PS1-cKOmice. The crucial reduction

in serum IGF-1 levels in the mutant mice demonstrated in the

present study would be, however, not due to the abrogation of GH

receptor processing because the liver, the major IGF-1-releasing

organ, is not derived from neural crest and PS1 is not inactivated in

the liver.

Morphologic and histologic analyses of the pituitary revealed

why the pituitary weight correlated well with body weight in the

PS1-cKO mice. The lightweight PS1-cKO mice had lightweight

pituitaries, not just because they are small, but because the

pituitaries were atrophied in specific regions such as the anterior

and intermediate lobes, and the defect in the anterior lobe might

have led to the reduction inGH immunoreactivity, IGF-1 levels, and

body weight.

The oral ectoderm forming Rathke’s pouch arises as a midline

structure from the anterior neural ridge immediately anterior to

the adjacent region of the neural plate from which the neural

ectoderm of the diencephalon later develops (Couly and Le

Douarin, 1988; Eagleson and Harris, 1990). The close interaction

between the oral ectoderm and the neural ectoderm is crucial for

the initial development of the pituitary gland. The initial phase of

pituitary development is suggested to require signals from the oral

ectoderm and neural ectoderm of the ventral diencephalon. The

ventral diencephalic signals include members of the bone

morphogenetic protein, fibroblast growth factor, and Wnt gene

families. The onset of expression of these factors coincideswith the

initial development of Rathke’s pouch from the oral ectoderm

(Treier et al., 1998). In the present study, we found an isolated GH

deficiency in the PS1-cKO mice. The sites of pathology were

restricted to the GH-producing somatotropes in the anterior lobe

of themutant pituitary,whereas the PS1 deficiencywas detected in

the posterior lobe, but not the anterior or intermediate lobes. The

hint to solving this paradox may be in the reciprocal extrinsic

signaling system between the primordia of the anterior and

posterior lobes in the developing stages, as mentioned above. The

simplest scenario is that the defects of extrinsic signaling

molecules such as bonemorphogenetic proteins, fibroblast growth

Fig. 8. Immunohistochemical analysis of pituitary hormones. (A) Cryostat sections of the pituitary were stained with anti-ACTH, -GH, -TSH, or -PRL antibodies. The

immunoreactivities for ACTH, TSH, or PRL in PS1-cKO pituitary were comparable with that in control. Reduction of the GH-immunoreactivities was detected in the anterior

lobe of PS1-cKO mice (male, 5 weeks old). (B) Immunohistochemistry using paraffin sections revealed sporadic GH-immunoreactivities in the mutant anterior lobe (male, 5

weeks old). The arrows in (A) and (B) indicate the decrease in GH immunoreactivity. Body weight; control 25 g, cKO 13 g (A), control 23 g, cKO 13 g (B). ant, anterior lobe; int,

intermediate lobe; pos, posterior lobe. Bar = 0.4 mm in (A) or 50 mm in (B).

Fig. 9.Distribution of cells in the pituitary inwhich loxP sites were recombined byWnt1-cre allele. Presence of a conditional Rosa26-LacZ allele allowed X-gal staining of cells

in which loxP sites were recombined byWnt1-cre allele. Most cells were stained with X-gal reagent in the posterior lobe of mice carrying the deleterWnt1-cre allele (Wnt1-

cre +/Tg; Rosa26-LacZ +/floxed) (A-b), but not in control mice (Wnt1-cre +/+; Rosa26-LacZ +/floxed) (A-a). The pituitary of (A-b) was sectioned and counterstained with

nuclear fast red reagent (B). Bar = 0.4 mm in (B). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)
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factors, or others are triggered by a PS1 deficiency in the posterior

lobe, which affects the development and/or maintenance of the

anterior and intermediate lobes in the pituitary gland.

It remains a question as to how isolation in the pituitary

hormone deficiency is established in the PS1-cKO mice. One

possible explanation is that hypothalamic modulators such as GH-

releasing hormone or somatostatin are affected by a PS1

deficiency. If GH release was disturbed by changes in these

hypothalamic modulators, GH immunoreactivity would increase

in the pituitary anterior lobe, but GH immunoreactivity was rather

reduced in the mutant pituitary. Another possible explanation is

that extrinsic signaling molecules from the posterior lobe are

defective in the developing mutant mice, which could affect

anterior lobe development. Alterations in the extrinsic signals from

the mutant posterior lobe might affect the expression of critical

molecules in the anterior lobe, such as HESX1, which is a causative

gene for isolated GH deficiency (Brickman et al., 2001) or Math3,

which is a gene specifically required for GH and GHRHR expression

(Zhu et al., 2006).

Notch signaling, which has PS1-dependency, is the major

stream of underlying molecular mechanisms in pituitary mor-

phogenesis. Mammals have four Notch receptors and five ligands.

Following ligand-receptor binding, Notch receptors undergo

successive proteolytic cleavages that read to the release of the

Notch intracellular domain and subsequent nuclear translocation

and gene expression. It was recently demonstrated that Notch

signaling is involved in the development of the anterior lobe of the

pituitary gland (Zhu et al., 2006). Notch signaling is required for

sustained expression of the tissue-specific paired-like home-

odomain transcription factor, Prop1, which is required for the

generation of the Pit1-positive cell lineage (Pit1 is a tissue-specific

POU-class homeodomain transcription factor). Attenuation of

Notch signaling is necessary for terminal differentiation in post-

mitotic Pit1-positive cells. At this time point, the expression of

Math3 genewhich is repressed by Notch signaling and activated by

Pit1, is promoted. The protein product of Math3 is suggested to be

specifically required in somatotropes for the expression of GH and

GHRHR genes, as described above. Math3�/� mice express

postnatal dwarfism (Tomita et al., 2000). These Notch-mediated

developmental regulations in the anterior lobe might be affected

indirectly by the PS1 defect in the posterior lobe of the pituitary

gland.

Congenital GH deficiency encompasses a group of different

etiologic disorders. It occurs in isolation (isolated GH deficiency) or

in association with other pituitary hormone deficiencies (com-

bined pituitary hormone deficiency). Mutations within GH-1,

GHRHR, andHESX1 genes are suggested to be causal for isolated GH

deficiency, whereas POU1F1, PROP1, andHESX1 are causative genes

for combined pituitary hormone deficiency (Dattani, 2005). The

findings of the present study suggest that PS1 is a possible

candidate gene for isolated GH deficiency with hypoplasia in

humans.
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