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Abstract An analysis of secreted proteins by the signal
sequence trap method using a cDNA library of the rat pitui-
tary anlage at embryonic days (E) 13.5 revealed the abun-
dant expression of delta-like protein 1 (Dlk1) in the
pituitary gland. Dlk1, an epidermal growth factor-like
repeat protein in preadipocytes, functions in maintaining
the preadipose state. Expression of Dlk1 mRNA in the pitui-
tary at E13.5 and in the adult pituitary was conWrmed by in
situ hybridization. The expression pattern of Dlk1 during
pituitary development was also studied by immunohisto-
chemistry. Dlk1 protein Wrst appeared in Rathke’s pouch
and the infundibulum at E11.5; as development proceeded,
expression became restricted to the pars distalis and pars

tuberalis (PT). Dlk1 was expressed in most ACTH cells
during the embryonic stages, but its expression was limited
to only a few ACTH cells in the adult pituitary. It was also
expressed in a small population of TSH, GTH, and PRL
cells throughout development, whereas it was present in the
cytoplasm of most GH cells at all developmental stages.
Similarly, Dlk1 was localized in the cytoplasm of PT cells
during development. These Wndings provide new insights
into the mechanism of Dlk1 regarding its regulation of pitui-
tary hormone-secreting cells during development.
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Introduction

The hypothalamic pituitary axis plays a pivotal role in the
integrative response of vertebrate endocrine systems to var-
ious environment stimuli. Neurohypophyseal hormones are
directly secreted from the hypothalamic neurons, whereas
hormones in the PD are regulated by hypothalamic neuro-
hormones that are produced in the hypothalamic area and
transported to the PD via portal vessels. The PD is vascu-
larized by hypophysial portal vessels that arise from the
capillary beds in the median eminence of the hypothalamus
(Murakami et al. 1987), and this hypophyseal portal system
functions as an important link by carrying hormonal infor-
mation from the central nervous system to the pituitary. The
pars intermedia (PI), on the other hand, is under the direct
control of dopaminergic (DA) neurons arising in the
periventricular nucleus (PeV) and arcuate nucleus in the
hypothalamus (Goudreau et al. 1992, 1995). We previously
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reported that vascular endothelial growth factor-A is
involved in the formation of the primary capillaries and in
the vascularization of the PD (Nakakura et al. 2006), and
that brain-derived neurotrophic factor plays a role directing
the elongation of DA neurons from the PeV to the PI
(Nakakura et al. 2007). However, it has yet to be fully clar-
iWed how molecular and cellular mechanisms are involved
in the architecture of the vascular system and neuronal
network in the hypothalamus pituitary axis.

In the study reported here, we extensively analyzed
secreted proteins by the signal sequence trap method
(Kitamura et al. 1995; Kojima and Kitamura 1999) using
the cDNA library of the rat pituitary anlage on embryonic
day (E) 13.5, when the formation of the portal vessels
starts (Nakakura et al. 2006). We cloned a number of
delta-like protein 1 (Dlk1) cDNAs that have been previ-
ously reported by Hansen et al. (1998). Dlk1, also referred
to as preadipocyte factor 1 (pref-1; Smas and Sul 1993) or
zona glomerulosa-speciWc factor (ZOG; Okamoto et al.
1997), is a type I membrane protein that has six epidermal
growth factor (EGF)-like repeats in the extracellular
domain. It functions either as a membrane protein (Dlk1)
or a soluble protein (FA1) that is generated through the
proteolytic cleavage of the Dlk1 by a disintegrin and
metalloproteinase 17 (ADAM17)/tumor necrosis factor-
alpha converting enzyme (TACE) (Friedrichsen et al.
2003; Jensen et al. 1994; Smas et al. 1997; Wang and Sul
2006).

Dlk1 is mainly expressed in the preadipocytes where its
function is to maintain the preadipocyte state (Smas and
Sul 1993; Smas et al. 1997, 1998). At early developmental
stages, Dlk1 is expressed in the insulin-producing cells of
the human and rat pancreas (Carlsson et al. 1997; Torne-
have et al. 1993), Schwann cells of the mouse peripheral
nervous system (Costaglioli et al. 2001), and hepatoblasts
of the mouse liver (Tanimizu et al. 2003), but the mecha-
nism of its function and regulation in these tissues is still
unknown. The results of several studies have indicated that
Dlk1 regulates the proliferation of hematopoietic stem
cells (Moore et al. 1997) and thymocytes (Kaneta et al.
2000). It would therefore appear that Dlk1 is involved in
the regulation of the timing of cell diVerentiation or prolif-
eration.

In the pituitary, Dlk1 has been reported to be expressed
in growth hormone (GH) cells and to regulate GH mRNA
transcription (Ansell et al. 2007; Floridon et al. 2000; Hedl-
und et al. 2003; Larsen et al. 1996; Yevtodiyenko and
Schmidt 2006). However, its function in the other pituitary
hormone-secreting cells is unknown. We therefore investi-
gated the spatial and temporal expression of Dlk1 in the rat
pituitary glands during development by in situ hybridiza-
tion (ISH) and immunohistochemistry to deWne the func-
tion of Dlk1 in the pituitary gland.

Materials and methods

Animals

All animal experiments were conducted in compliance
with the Guide for Care and Use of Laboratory Animals of
Shizuoka University. Normal adult Wistar rats were
housed in a temperature-controlled room (22 § 2°C) with
automatically regulated artiWcial lighting (07:00–
19:00 hours daily). Food and water were supplied ad libi-
tum. Mature rats were mated at night. If spermatozoa were
found in vaginal smears taken the next morning, that day
was designated as day 0.5 of gestation. Pregnant rats were
decapitated on days 10.5–19.5 of gestation, and adult rats
(8 weeks) were decapitated and prepared for ISH and
immunohistochemical examination. Rat pituitary anlages
at E13.5 were used to isolate mRNA for the signal
sequence trap method.

Signal sequence trap method

To identify cDNAs encoding both secreted and membrane
proteins from the rat pituitary anlage at E13.5, we con-
structed a cDNA library from the rat pituitary anlage at
E13.5, and screened it using the signal sequence trap
method (Kojima and Kitamura 1999). BrieXy, poly-A+-
RNA was isolated from the rat pituitary anlages at E13.5
using the FastTrack 2.0 kit (Invitrogen, Carlsbdad, CA,
USA) according to the manufacturer’s instructions. The
poly-A+-RNA was ampliWed using the BD SMARTTM

mRNA AmpliWcation Kit (BD Biosciences, San Jose, CA,
USA). Complementary DNA (cDNA) was synthesized
from sense RNA with random hexamers as primers using
a SuperScriptTM Double-Stranded cDNA Synthesis kit
(Invitrogen) and then inserted into the BstXI sites of the
pMXs-SST vector (Kojima and Kitamura 1999) using
BstXI adapters (Invitrogen). The ligated DNA was then
introduced into ElectroMAXTM DH10BTM cells (Invitro-
gen) and the plasmid DNA was prepared using a
QIAGEN Plasmid Maxi Kit (QIAGEN, Hilden, Ger-
many). High-titer retroviruses representing the SST-REX
library were produced using PlatE cells (Kojima and
Kitamura 1999) and infected into Ba/F3 cells as previ-
ously described (Kitamura et al. 1995). One day after the
infection, we started selecting factor-independent Ba/F3
cells in the absence of IL-3 using 96-well plates. Inte-
grated cDNA was isolated from factor-independent Ba/F3
clones by genomic PCR using PrimeStar polymerase
(Takara, Shiga, Japan). The PCR fragments were labeled
by Dye Terminator Cycle Sequencing with a CEQ2000
Quick Star Kit (Beckman Coulter, Fullerton, CA, USA)
and analyzed on an automatic sequencer model (CEQ2000;
Beckman Coulter).
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In situ hybridization

Digoxigenin (DIG)-labeled antisense and sense cRNA
probes were prepared from the coding region of rat Dlk1
cDNA (accession no. D84336) by in vitro transcription, as
described previously (Saito et al. 2002). The following
primers were commercially synthesized (Operon, Tokyo,
Japan): primer 1, 5�-AGCATGGATTCTGTGAGGCT-3�

(233–252 bp); primer 2, 5�-ATTCGTACTGGCTTTCT
CGA-3� (452–472 bp). For Wxation, 4% paraformaldehyde
(PFA) in 0.1 M phosphate buVer (PB) (pH 7.4) was per-
fused through the umbilical vein of the fetal rats. Following
perfusion, the rats were decapitated and the heads Wxed by
immersion in the same Wxative solution for 2 days at 4°C.
Adult rats were perfused through the heart and their pitui-
tary glands were subsequently excised Wxed by immersion
in the same Wxative for 2 days, then dehydrated through a
graded ethanol series, and embedded in Paraplast. The
embedded tissue was cut into 4 �m-thick sections and
mounted on silane-coated slides. In situ hybridization was
carried out according to a method described previously
(Saito et al. 2002). BrieXy, the deparaYnized sections were
digested with 5 �g/ml proteinase K for 20 min at 37°C,
postWxed in 4% PFA for 20 min at 4°C, and then incubated
with the DIG-labeled cRNA probe at 40°C for 15 h. After
hybridization, the sections were treated with 1 �g/ml
RNase A solution for 30 min at 37°C and then incubated
with alkaline phosphatase-conjugated sheep anti-DIG Fab
antibody (1:1,000; Roche Molecular Biochemical, Meylan,
France) for 15 h at room temperature. The label was
detected with nitroblue tetrazolium chloride and 5-bromo-
4-chloro-3-indolylphosphate (NBT/BCIP; Roche).

Preparation and immunization of antigen

To prepare the bovine Dlk1 protein, we performed PCR
using primers 1 (5�-TTCGGATCCAGTGCCCATGGAGC
TGAA-3�) and 2 (5�-GGTGAATTCGTTGAGGCACGGC
TCGCT-3�) to cover the 20–219 amino acid residues of
bovine Dlk1 (accession no. AB009278). After the PCR, the
fragment obtained was treated by EcoRI and BamHI and
inserted into pGEX-2T (Pharmacia Biotech, Piscataway,
NJ, USA). The plasmid DNA was transformed into Esche-
richia coli BL21, and glutathione-S-transferase (GST)-
Dlk1 fused protein was expressed. The fused protein was
puriWed by using GST–sepharose. For immunization,
chickens were injected with the antigen every 2 weeks for
9 weeks by the multiple sites method.

Western blot analysis

The GST–Dlk fusion-protein (10 ng) used as an immuno-
gen was denatured at 100°C for 3 min in denaturation

buVer comprising 3% sodium dodecyl sulphate, 70 mM
Tris–HCl, pH 6.8, 11.2% glycerol, 5% 2-mercaptoethanol,
and 0.01% bromophenol blue, subjected to electrophoresis
on a 10% polyacrylamide gel, and then transferred to an
Immobilon-P membrane (Millipore, Tokyo, Japan). The
proteins on the membrane were reacted sequentially with
chicken anti-bovine Dlk1 (1:5,000) serum, biotinylated
donkey anti-chicken IgY (Jackson Immunoresearch, West
Grove, PA, USA), and streptavidin-conjugated horseradish
peroxidase (DAKO Japan Co., Ltd, Kyoto, Japan). The
reaction products on the membrane were then visualized
using an ECL Western blot detection kit (Amersham Phar-
macia Botech, Buckinghamshire, UK). To check the speci-
Wcity of the immunoreaction, we performed an absorption
test by preincubating anti-bovine Dlk1 with the antigen
protein (10 �g/ml).

ImmunoXuorescence method

Fetal rats were perfused through the umbilical vein with 4%
PFA in 0.1 M PB (pH 7.4), and adult rats (8 weeks) were
perfused through the heart with 4% PFA in 0.1 M PB (pH
7.4). Following perfusion, the rat heads and pituitary were
removed and Wxed by immersion in the same Wxative solu-
tion for 2 days at 4°C, dehydrated through a graded ethanol
series, and embedded in Paraplast. The section were then
deparaYnized and rinsed with distilled water and phos-
phate-buVered saline (PBS). For staining of Dlk1, the sec-
tions were then treated for antigen retrieval by heating in a
retrieval solution (1 mM EDTA in Milli-Q) at 120°C for
3 min in an autoclave (Sanyo, Osaka, Japan), washed three
times with PBS, blocked with 1% BSA–PBS for 1 h, and
immunolabeled by the immunoXuorescence method as
described previously (Tanaka et al. 1997). The sections
were incubated overnight with chicken anti-bovine Dlk1
(1:2,000) and guinea pig anti-amidated joining peptide (JP)
(ST-3; 1:2,000; Tanaka and Kurosumi 1992), goat anti-
human thyroid stimulating hormone � (TSH�; 1:2,000;
Biogenesis, New Fields, UK), rabbit anti-rat TSH (1:2,000;
supplied by Prof. K. Wakabayashi), rabbit anti-rat prolactin
(PRL; 1:1,000; Kato et al. 2004), guinea pig anti-human
GH (1:2,000; Kato et al. 2004), mouse monoclonal anti-
body against ovine luteinizing hormone � (LH�; 1:1,000;
Uehara et al. 2001), or mouse monoclonal antibody against
S-100 protein (Immuno Biological Laboratories, Fujioka,
Japan), followed by a 2-h incubation with indocarbocya-
nine (Cy3)-labeled aYnity-puriWed donkey anti-chicken
IgY (1:400; Jackson Immunoresearch), Xuorescein isothio-
cyanate (FITC)-labeled donkey anti-guinea pig IgG (1:400;
Jackson), FITC-labeled donkey anti-mouse IgG (1:400;
Jackson), Alexa 488-donkey anti-rabbit IgG (1:200; Molecu-
lar Probes, Eugene, OR, USA) or Alexa 488-donkey anti-goat
IgG (1:200; Molecular Probes). For nuclear counterstaining,
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4�, 6-diamidino-2-phenylindole (DAPI) was included with
the secondary antibody solution. The sections were washed
with PBS, mounted in PermaXuor (Immunon, Pittsburgh,
PA, USA), and examined with an Olympus BX61 micro-
scope equipped with a BX-epiXuorescence attachment
(Olympus Optical, Tokyo, Japan). The speciWcity of the
immunostaining was checked using an absorption test by
preincubating the anti-Dlk1 antiserum with the antigen
protein (4 �g/ml).

Results

IdentiWcation of secreted protein expressed in the rat E13.5 
pituitary by the signal sequence trap method

To identify signal molecules involved in the formation of
the pituitary portal vessels in the hypothalamus pituitary
axis, we extensively analyzed secreted proteins expressed
in the rat pituitary anlage at E13.5 by the signal sequence
trap method. The results of this experiments revealed that
Dlk1 was abundantly present in the cDNA library of the
pituitary at E13.5 (Table 1). Clones encoding collagen type
II, collagen �1 type XVII, prolyl 4-hydroxylase, follistatin-
like 1, and 120-kDa lysosomal membrane glycoprotein
were also identiWed.

Expression of Dlk1 mRNA in the pituitary at E13.5 
and adult stage

The Dlk1-expressing cells in the developing and adult rat
pituitary were identiWed by ISH (Fig. 1). Dlk1 mRNA was
expressed in the upper part of the Rathke’s pouch and in the
infundibulum at E13.5 (Fig. 1a). Similarly, following the
hybridization of adult pituitary sections with the antisense
probe for Dlk1, we observed a large number of positive
cells in the PD, but no positive cells were found in the PI
and PN (Fig. 1c). In contrast, Dlk1 mRNA was intensely
detected in the cells of the PT (Fig. 1e). No mRNA signal

was detected in any parts of the pituitary glands on E13.5 or
in those of adult rats when the sense probe was employed in
the ISH (Fig. 1b, d, f).

Characterization of anti-Dlk1 antibody

Western blot analysis using the fused-proteins revealed a
positive band at 56.8 kDa, which was the fusion-protein
comprising the Dlk1 protein (20–219 amino acid residues)
linked to the trombin cutting site (21.75 kDa) and GST
(35 kDa) (Fig. 2, lane 1). When the antibody was preab-
sorbed with the immunogen, no positive band was observed
in any region (Fig. 2, lane 2).

Immunolocalization of Dlk1 protein during development

When pituitary sections at E13.5 were immunolabeled for
Dlk1, labeling was observed in the upper part of the PD and
PI anlages and in the infundibulum (Fig. 3a, b). The immu-
nopositive labeling was abolished when the antiserum was
preabsorbed with the antigen (Fig. 3c). Intense labeling was
observed throughout the cytoplasm of the cells constituting
the primordial PD and PT (Fig. 3d). As shown in Fig. 3, the
pattern of immunolabeling for Dlk1 changed drastically dur-
ing development. Dlk1 protein was not detected in Rathke’s
pouch and infundibulum at E10.5 (Fig. 4a). The Wrst expres-
sion of Dlk1 protein was observed on E11.5 in the region,
that links the Rathke’s pouch with the infundibulum
(Fig. 4b) and on E12.5 in the same region (Fig. 4c). From
E13.5 to E14.5, Dlk1 protein was found in the upper part of
PD, PI, and PN (Figs. 3a, 4d). On E15.5, Dlk1 protein was
observed in the anlage of pars tuberalis (PT) in addition to
the upper parts of the PD, PI, and PN (Fig. 4e). On E19.5,
the number of Dlk1-positive cells had increased in the PD
and PT, while it had decreased in the PI and PN (Fig. 4f).

In a subsequent experiment, Dlk1-expressing cells in the
developing and the adult pituitary were identiWed by dou-
ble-labeling for Dlk1 protein and pituitary hormones. On
E15.5, adenocorticotropic hormone (ACTH) cells, which
were identiWed using anti-amidated JP, Wrst appeared in the
ventral–dorsal region of the PD, and Dlk1 protein was
expressed in the cytoplasm of most ACTH cells (Fig. 5a–
c). At the E18.5 the number of ACTH cells had increased in
the PD, but the number of Dlk1-positive ACTH cells had
decreased slightly (Fig. 5d–f). In the adult PD, the number
of Dlk1-positive ACTH cells decreased still further, and
Dlk1 protein was observable only as a dot-like signal only
in several ACTH cells (Fig. 5g–i). During the development
of the PD, TSH cells, GTH cells (identiWed by anti-LH�),
and PRL cells Wrst appeared on E17.5, E18.5, and E20.5,
respectively (Watanabe and Daikoku 1979). In this study,
we focused on the cell types that were the Wrst to appear
during the development of the PD. At the time when the

Table 1 Clones identiWed by signal sequence trap method using the
cDNA library of E13.5 rat pituitary

Five-hundred and Wfty positive clones were sequenced in this study

Molecular name Number of 
identical clones

Delta-like protein 1 152

Collagen type II 21

Collagen �1 type XVII 21

Prolyl 4-hydroxylase 21

Follistatin-like 1 20

120 kDa lysosomal membrane 
glycoprotein

10
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TSH cells, GTH cells, and PRL cells Wrst appeared, labels
for Dlk1 were found in the Golgi region of these cells
(Fig. 6a–c, g–i, m–o). These cells continued to display simi-
lar immunolabeling behavior until the adult stage (Fig. 6d–
f, j–l, p–r). In most GH cells in the PD, which Wrst appeared
at E19.5, Dlk1 protein was expressed throughout the cyto-
plasm at both the embryonic and adult stages (Fig. 7a–f).

In the PT, the expression of Dlk1 protein Wrst appeared
in the cytoplasm of cells constituting of the PT on E15.5
(Fig. 8a) and Dlk1 protein continued to be expressed in
most of the cells of the PT at later embryonic stages
(Fig. 8b–c). Dlk1 protein was predominately observed in
TSH cells on E19.5 (Fig. 9a–c). In the adult PT, Dlk1 pro-
tein was localized in the cytoplasm of several PT cells
(Fig. 9d). These Dlk1-expressing cells were identiWed as
TSH cells and immunonegative cells with a little cytoplasm
(Fig. 9d–f). However, folliculo-stellate cells, which were
identiWed with anti-S-100 protein, were not labeled with
anti-Dlk1 in the adult PT (data not shown).

Discussion

It is well known that many diVerent secreted proteins and
transcription factors are involved in the diVerentiation of
pituitary hormone-secreting cells (Zhu et al. 2007) and the
architecture of the vascular system and neuronal network
of pituitary glands (Nakakura et al. 2006, 2007). Our
analysis of secreted protein expressed in the rat pituitary
anlage on E13.5, when the portal vessels Wrst appear in
the Atwell’s recess (Nakakura et al. 2006), by the signal
sequence trap method resulted in the identiWcation of 152
clones containing genes encoding Dlk1 from among 550-
positive clones. Dlk1 is a type I membrane protein that
has six EGF-like repeats in its extracellular domain, is
presumed to function in the regulation of the development
of pituitary hormone-secreting cells. Knowledge of the
spatial and temporal expression of Dlk1 in the pituitary
gland is important in term of deWning the function of
Dlk1.

Fig. 1 In situ hybridization 
images of Dlk1 in the rat pitui-
tary. At embryonic day (E)13.5, 
expression of Dlk1 mRNA is ob-
served in the upper part of the 
primodial pars distalis (PD), 
pars intermedia (PI), and pars 
nervosa (PN) a. No detectable 
signal of Dlk1 mRNA is present 
in any regions with the sense 
probe at E13.5 b. An intense sig-
nal of Dlk1 mRNA is detected in 
the PD, but not in the PI and PN 
of the adult pituitary c. With the 
sense probe, no signal is visible 
in any region of the adult PD 
d. In the pars tuberalis (PT), 
a similar positive signal is seen 
(e), but no detectable signal is 
observed in the PT of the adult 
pituitary using sense probes (f). 
III: The third ventricle. 
Bar in a–f, 50 �m
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We Wrst revealed that Dlk1 mRNA and protein were
expressed in the rat pituitary anlage at E13.5 and in the PD
and PT at adult pituitary. These positive signals were not

detected when the sense probe was used in ISH, or when
the antiserum was preabsorbed with the immunogen. We
detected a positive band corresponding to the GST Dlk-
fusion protein when the fusion protein was used in the
Western blot analysis. However, we were not able to detect
a speciWc band of Dlk1 or FA1 protein in the adult rat pitui-
tary extracts by Western blot analysis. The detection of
Dlk1 fusion-protein by Western blot analysis has been
reported in a number of publications (Kaneta et al. 2000;
Halder et al. 1998; Mei et al. 2002), but failure to detect its
diYculty of extracting Dlk1 protein from rat tissues. The
antibody used in this study is considered to be speciWc to
the Dlk protein.

Our immunohistochemical results demonstrated that the
expression pattern of Dlk1 varied depending upon the
developmental stage. The adult pituitary gland is divided
into four parts: the PD, PI, PN, and PT, with each part
forming a particular compartment for regulating the secre-
tion of the pituitary hormones. We found that the expres-
sion pattern of Dlk1 changed during the development of the
pituitary gland: it was initially localized to from the upper
parts of Rathke’s pouch during the early developmental
stages, but then was restricted to the PD and the PT as the
formation of the pituitary gland proceeded. Similar Wndings
have been reported on the development of the liver or pan-
creas: Dlk1 mRNA levels were found to be higher in
hepatoblasts or hepatocytes during the early developmental
stages (E12.5–E16.5) and to decrease gradually from E18.5
to the adult stage (Tanimizu et al. 2003). Tanimizu et al.

Fig. 3 ImmunoXuorescence 
localization of Dlk1 in the rat 
pituitary at E13.5. ImunoXuores-
cence images of Dlk1 (a, c, d) 
and the corresponding Nomarski 
image (b) are shown. The labels 
(red) are clearly visible in the 
upper part of the primordial pars 
distalis (PD), pars intermedia 
(PI) and pars nervosa (PN). No 
labeling is detected in any cells 
of the pituitary when the anti-
Dlk1 was preabsorbed with the 
corresponding antigen (c). En-
larged view of Dlk1-positive 
cells (red) in the upper part of 
the primordial pituitary anlage 
(d). III: The third ventricle nu-
clei are counterstained with 
DAPI (blue). Bars in a–c, 
50 �m, Bar in d, 10 �m

Fig. 2 Western blot analysis of the GST Dlk fusion-protein using anti-
Dlk 1 antiserum. Immunoreactive band is seen at 56.8 kDa (lane 1), but
the immunoreactive band is completely abolished when the membrane
is immunostained with the antiserum preabsorbed with the immunogen
protein (10 �g/ml) (lane 2)
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(2004) reported that Dlk1 was expressed in oval cells,
which are adult hepatic progenitors, in the rat 2-acetylami-
noXuorene/partial hepatectomy model and that Dlk1 levels
continued to be high 18 days after the operation, disappear-
ing at 28 days post-surgery. Carlsson et al. (1997) found
that most of the pancreatic anlage was Dlk 1 positive at an
early embryonic stage (E13), becoming predominantly
restricted to the insulin-producing cells during develop-
ment. Therefore, our Wnding on the development of pitui-
tary suggests that Dlk1 plays a role in the early formation
and cell diVerentiation of pituitary glands.

In our study, Dlk1 was expressed in all the anterior pitu-
itary hormone-producing cells during all developmental
stage of the pituitary gland. In the other hormone-producing
cells with the exception of GH cells, Dlk1 expression was
observed predominately during the early stage of diVerenti-
ation of each cell type. The Notch signaling pathway has

been indicated in the formation and diVerentiation of ante-
rior pituitary hormone-producing cells. Additional targets
of this pathway include a member of the Hairy enhancer of
split (Hes) family (Zhu et al. 2007). Cell diVerentiation of
ACTH cells and gene expression of proopiomelanocortin
(POMC) in the anterior pituitary are stimulated by Tpit/
Tbx19 and NeuroD1 (Lamolet et al. 2001, 2004; Pulichino
et al. 2003). However, because the expression of Tpit/
Tbx19, NeuroD1, and POMC is found at the earlier develop-
mental stages in the pituitary gland in the Hes1-knockout
mice, and not at later stages, Hes1 is considered to be an
inhibitor of Tpit/Tbx19 and NeuroD1 expression (Zhu et al.
2006). The transfection of the Dlk1 construct into the Balb/
c cells induces a decrease of Hes1 expression, while Hes1
expression increases when antisense Dlk1-constructs are
transfected into the Dlk1-positive 3T3-L1 cells (Baladron
et al. 2005). Consequently, based on the observation that

Fig. 4 Immunolocalization of 
Dlk1 in the rat pituitary gland 
during development. No positive 
label is seen in Rathke’s pouch 
(R) and infundibulum (I) at 
embryonic days (E) 10.5 (a). 
The labels for Dlk1 (red) are ob-
served in Rathke’s pouch and the 
inner and outer lines along the 
third ventricle side (III) of an 
infundibulum at E11.5 (b). Sim-
ilar localizations (red) are visi-
ble at E12.5 (c). At E14.5, the 
labels (red) are detected in the 
upper part of the primordial pars 
distalis (PD), pars intermedia 
(PI) and pars nervosa (PN) at 
E14.5 (d). The labels for Dlk1 
(red) are observed in all parts of 
pituitary at E15.5 (e). At E19.5, 
the labels (red) are in the PD and 
PT, but no labels are visible in 
the PI and PN (f). Nuclei are 
counterstained with DAPI 
(blue). Bars in a–e, 50 �m, Bar 
in f, 100 �m
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the expression of Hes1 is inhibited by Dlk1, the diVerentia-
tion of ACTH cells in the anterior pituitary is believed to be
stimulated by inducing Tpit/Tbx19 and NeuroD1 expres-
sions. The diVerentiation of the Pit1-lineage, especially
TSH cells and GH cells is inhibited in transgenic mice
overexpressing Notch intracellular domain (NICD) under
the control of the Pit1 promoter (Zhu et al. 2006). However,
the diVerentiation of TSH and GTH cells is also inhibited in
transgenic mice overexpressing the intracellular domain
fragment of Notch2 under the control of the pituitary �-gly-
coprotein promoter and enhancer (Raetzman et al. 2006,
2007). Using the yeast two-hybrid system, Baladron et al.
(2005) observed that the extracellular domain of Dlk1 inter-
acted with the EGF-like domain of Notch1 and that Dlk1
inhibited the Notch1 activity when the activity was mea-
sured by an assay system using luciferase as a reporter gene
under the control of a VSL/RGP-Jk/CBF-1-dependent pro-
motor in the Dlk1-negative, Notch1-positive Balb/c 14 cell
line. These data suggest that Dlk1 inhibits Hes1expression
by interacting with Notch1. Both Notch2 and Notch3—but

not Notch1—are expressed in the pituitary glands (Raetz-
man et al. 2004, 2006; Zhu et al. 2006). The Notch family
commonly contains both the EGF-like motif and NICD
(Lardelli et al. 1995): consequently, Dlk1 may interact with
Notch2 in a manner similar to Notch1. Thus, there is a pos-
sibility that Dlk1 plays a role as an inhibitory factor during
the developmental formation of the anterior pituitary glands
based on experimental results showing that the diVerentia-
tion of anterior pituitary hormone-producing cells is inhibited
by activation of Notch pathway.

Fig. 5 Immunolocalization of Dlk1 in ACTH cells of the pars distalis
(PD) during development. Double-immunoXuorescence images for
Dlk1 (red) and ACTH (green) at E15.5 (a–c), E18.5 (d–f), and the
adult PD (g–i) are shown. The labels for ACTH are Wrst visible in the

Dlk1-positive cells at E15.5. At E18.5 and in the adult pituitary, the la-
bels for Dlk1 are observed in the cytoplasm at E15.5 and in the Golgi
region at the adult stage. The arrows indicate the same cells. Bar in
a–f, 50 �m, Bar in g–i, 50 �m

Fig. 6 Immunolocalization of Dlk1 in TSH cells, GTH cells, and PRL
cells during development. Double-immunoXuorescence images for
Dlk1 (red), TSH (green), LH (green), and PRL (green) are shown. La-
bels for Dlk1 are visible in a small number of each type of hormone-
secreting cell: TSH cells at E17.5 (a–c) and the adult (d–f), GTH cells
at E18.5 (g–i) and the adulthood (j–l), and PRL cells at E20.5 (m–o)
and the adult (p–r). The labels for Dlk1 are seen as a spot-like fashion
in the cytoplasm of all the hormone-secreting cells. The arrows show
the same cells. Bar in a–c, g–i, and m–o, 50 �m, Bar in d–f, j–l, and p–
r, 10 �m

�
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We found that Dlk1 was expressed throughout the
cytoplasm of GH cells immediately after diVerentiation
of GH cells to their adult state. Previous reports using
immunohistochemistry and in situ hybridization have
indicated that Dlk1 is expressed in GH cells (Larsen et al.
1996; Yevtodiyenko and Schmidt 2006). Studies using
GH3 cells have shown that Dlk1 speciWcally inhibits the

transcription of the GH gene (Ansell et al. 2007). Fur-
thermore, because the Dlk1-knockout mice displayed
growth retardation and accelerated adiposity (Moon et al.
2002), it has been suggested that Dlk1 may inhibit the
expression of GH from the early development onwards
and play an important role in the regulation of fetal
growth.

Fig. 7 Immunolocalization of Dlk1 in GH cells during development.
Double-immunoXuorescence images for Dlk1 (red) and GH (green) in
the pars distalis at E 19.5 (a–c) and the adult (d–f) are shown. Labels

for Dlk1 are visible throughout the cytoplasm of the GH cells. The
arrows indicate the same cells. Bar in a–c, 50 �m, and bar in d–f,
10 �m

Fig. 8 Immunolocalization of 
Dlk1 in the pars tuberalis (PT) 
during development. Labels for 
Dlk1 appear at E15.5 (a), and the 
intensity of the labels increased 
in the cytoplasm in the PT at 
E17.5 (b), E19.5 (c) and in the 
adult (d). Bar in a–d, 50 �m
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The Hes1-knockout mice induced a hypoplasia in the
PD, while the expression of �-MSH and prohormone con-
vertase 2 (PC2) was not found in the PI, although the num-
ber of Pit1-positive cells increased and many GH-positive
cells were observed (Raetzman et al. 2007). This decrease
of Dlk1 levels may be necessary for inducing Hes1, result-
ing in the formation of the PI. Therefore, our observation
provides further insight into the involvement of Dlk1 in the
development of the PI.

The results of our study suggest that Dlk1 was expressed
in the PT during development from the fetal stage to the
adult, and that Dlk1 protein was always expressed in the
cytoplasm during development. In the PT, Dlk1 protein was
found in both TSH-negative cells and TSH cells. During
the development of the PT, Notch and Hes1 were not
expressed in the PT (Zhu et al. 2006; Kita et al. 2007; Rae-
tzman et al. 2004, 2006, 2007). Consequently, the function
of Dlk1 remains unclear, because Dlk1 is not involved in
the regulation of the Notch pathway and transcriptional
regulation of hormone genes in the PT. Taken together, the
diVerential expression levels of Dlk1 may be involved in
the timing of the hormone expression or the determination
of hormone-secreting cell types in the pituitary gland.
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