
REGULAR ARTICLE

Localization of juxtacrine factor ephrin-B2 in pituitary
stem/progenitor cell niches throughout life

Saishu Yoshida & Takako Kato & Masashi Higuchi &
Mo Chen & Hiroki Ueharu & Naoto Nishimura &

Yukio Kato

Received: 27 June 2014 /Accepted: 1 November 2014 /Published online: 6 December 2014
# Springer-Verlag Berlin Heidelberg 2014

Abstract We have recently reported that Sox2-expressing
pituitary stem/progenitor cells contact each other via a tight-
junction protein CAR to form stem/progenitor cell niches in
the marginal cell layer facing the lumen and in the clusters
scattered in the parenchyma of the anterior lobe. However, the
microenvironment of the niche for the maintenance of stem
cell function in the pituitary remains obscure. In this study of
pituitary stem/progenitor cell niches, we have attempted to
identify the expression of juxtacrine factor ephrin and its
receptor. We have found that ephrin-B2 is expressed in the
pituitary throughout development but changes its localization
pattern. Notably, in the adult pituitary, ephrin-B2 immuno-
signals occur in SOX2-, E-cadherin-, and CAR-triple-positive
stem/progenitor cells in the niches. Our data suggest that
ephrin-B2 signaling has an important role in the formation
of pituitary stem/progenitor cell niches and in pituitary
organogenesis.
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Abbreviations
CAR Coxsackievirus and adenovirus receptor
DAPI 4,6-Diamidino-2-phenylindole
FITC Fluorescein isothiocyanate
GFP Green fluorescent protein
HOPE HEPES-glutamic acid buffer-mediated organic

solvent protection effect
MCL Marginal cell layer
PCR Polymerase chain reaction
PDZ PSD-95, Dlg, ZO-1
PROP1 Prophet of PIT1
SOX2 Sex-determining region Y-box 2

Introduction

The pituitary gland is constituted of two anatomically differ-
ent entities, the adenohypophysis (anterior pituitary) com-
posed of the anterior and intermediate lobes, and the neuro-
hypophysis of the posterior lobe. In particular, the anterior
lobe has five endocrine cell types, and a number of transcrip-
tion factors and growth factors regulate differentiation into
each cell type during embryonic organogenesis (Davis et al.
2010; Vankelecom and Chen 2014; Zhu et al. 2007). In
addition, non-endocrine cells, of which a major fraction is
known to be folliculostellate cells as defined by the presence
of S100β, are also present (Vila-Porcile 1972). Mechanisms
of regeneration and of the cell supply system from
stem/progenitor cells in the adult pituitary are important
issues. Recent studies have demonstrated that sex-determining
region Y-box 2 (Sox2)-expressing cells play an important role
in the regeneration of endocrine cells in vivo and in vitro
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(Andoniadou et al. 2013; Chen et al. 2009; Fauquier et al.
2008; Fu et al. 2012; Fu and Vankelecom 2012; Rizzoti et al.
2013). In addition, we have reported that SOX2-positive
stem/progenitor cells have some populations defined by a
pituitary-specific transcription factor PROP1 (prophet of
PIT1) and a paired-related homeobox transcription factor,
namely PRRX1 and 2, in the adult pituitary (Higuchi et al.
2014; Yoshida et al. 2009, 2011).

Stem/progenitor cells are known to maintain their stemness
in the microenvironment, the so-called niche, which has been
identified in some tissues such as the brain, intestine, and skin
(Chen and Chuong 2012). Recently, Chen et al. (2013) have
reported that CAR (coxsackievirus and adenovirus receptor
encoded by the Cxadr gene), which is able to form the
homophilic tight junction, exists in the SOX2/E-cadherin-
double-positive cells in the marginal cell layer (MCL) and in
the clusters scattered in the parenchyma of the anterior lobe,
forming the pituitary stem/progenitor niches. These data show
that cell adhesion has an important role in the regulation of
pituitary stem cell function, as similarly observed in niches
such as the crypts in the intestine (Pitulescu and Adams 2010;
Sato and Clevers 2013).

Recent studies have revealed that ephrin signaling exists in
various niches such as the subventricular zone in the brain
(Nomura et al. 2010), the crypts of the intestine (Batlle et al.
2002), and the hair follicles of the skin (Genander et al. 2010),
and that it regulates stem cell function. Ephrin and its receptor
are signal molecules localized in cell membranes and have a
unique juxtacrine signaling mechanism that is activated by
cell adhesion. Their interaction raises bidirectional signal
transduction into both the ephrin receptor-expressing cell (this
process is termed forward signaling) and the ephrin-express-
ing cell (reverse signaling), and plays a role in cell locomotion
and boundary formation via the regulation of cell repulsion
and migration in many tissues (Batlle et al. 2002; Daar 2012;
Holmberg et al. 2006). Ephrin receptors are a subfamily of
receptor tyrosine kinases and are composed of two subclasses:
receptor A with nine members and receptor B with five
members (Murai and Pasquale 2003; Pasquale 2005). Their
ligands, the ephrins (Eph receptor interacting proteins), are
cell-surface associated proteins and are divided into two sub-
classes: ephrin-Awith five members and ephrin-B with three
members based on their structure and function. Whereas
ephrin-As typically bind to receptor-A, and ephrin-Bs bind
to receptor-B, a few exceptions, such as ephrin-B2 and -B3,
bind to receptor-A4 (Jensen 2000). In particular, ephrin-B
signaling has been reported to construct stem/progenitor cell
niches in various tissues, such as the crypt (Batlle et al. 2002),
subgranular zone (Ashton et al. 2012), and subventricular
zone (Nomura et al. 2010). In the crypt, which is known as a
stem/progenitor cell niche in the intestine, ephrin signaling
plays a role in holding ephrin-receptor-B2-positive stem cells
(crypt base columnar cell) and their niche cells, i.e., ephrin-

receptor-B3-positive Paneth cells, in the bottom of the crypt
via repulsion against ephrin-B1 and -B2-positive differentiat-
ing progenitor cells and terminally differentiated cells (Batlle
et al. 2002). During neurogenesis, ephrin-B2 is expressed in
astrocytes and promotes neuronal differentiation in the adult
subgranular zone (Ashton et al. 2012). Moreover, Nomura
et al. (2010) have reported that the inhibition of ephrin-B1
and -B2 or ephrin receptor-B1 and -B2 in the subventricular
zone causes the transition of astrocytes into ependymal cells in
the adult neural stem cell niche. Therefore, ephrin-B signaling
plays a role in the formation and regulation of niches.
Although Vankelecom (2010) has reported that some ephrin-
Bs and their receptor-Bs are enriched in the pituitary stem cell-
side population fraction, no follow-up studies have been re-
ported on ephrin and its receptor in the pituitary.

In this study, our aim has been to identify the expression of
juxtacrine factor ephrin-B and its receptors in the pituitary
stem/progenitor cell niches by immunohistochemistry. We
have been able to demonstrate that a juxtacrine factor
ephrin-B2 exists in the SOX2-, E-cadherin-, and CAR-triple-
positive stem/progenitor cells in the MCL and in the niches
scattered in the parenchyma of the anterior lobe. These data
suggest that ephrin-B2 signaling plays an important role in the
formation of the pituitary stem/progenitor cell niches.

Materials and methods

Animals

Intact male Wistar-Imamichi rats and Wistar-crlj S100β-GFP
(green fluorescent protein) transgenic strain rats (Itakura et al.
2007) were housed individually in a temperature-controlled
room under a 12-h light/12-h dark cycle. Determination of
pregnancy was made by the observation of a vaginal plug on
day 0.5 of gestation. The present study was approved by the
Institutional Animal Care and Use Committee, Meiji
University, based on NIH Guidelines for the Care and Use
of Laboratory Animals.

Quantitative real-time polymerase chain reaction

Total RNAwas prepared from the whole pituitaries of embry-
onic day 13.5 (E13.5; n=15), E14.5 (n=10), E16.5 (n=14),
E18.5 (n=11), E20.5 (n=10), and postnatal day 0 (P0; n=9)
rats and from the anterior lobes and intermediate/posterior
lobes of P5 (n=9), P15 (n=8), and P60 (n=3) rats by using
ISOGEN (Nippon Gene, Tokyo, Japan). Reverse transcripts
were synthesized with PrimeScript Reverse Transcriptase
(Takara Bio, Otsu, Japan) by using 1 μg total RNA after
DNase I treatment and were subjected to quantitative real-
time polymerase chain reaction (PCR) on an ABI Prism 7500
Real-Time PCR System (Applied Biosystems, Foster City,
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Calif., USA). Reactions were performed in SYBRGreen-Real
Time PCR Master Mix Plus (Toyobo, Osaka, Japan), includ-
ing 0.6μMof the specific primer set for each gene. Nucleotide
sequences of the primers used were: rat ephrin-B2, 5′-CCAA
CAAGACGTCCAGAGC-3′ and 5′-CCTGCGAATAAGGC
CACTT-3′; rat TATA-box-binding protein (Tbp), 5′-GATC
AAACCCAGAATTGTTCTCC-3′ and 5′-ATGTGGTCTT
CCTGAATCCC-3′. Each sample was measured in duplicate
in two independent experiments, and data were calculated by
the comparative CT method (DDCT method) to estimate the
mRNA copy number relative to Tbp as an internal standard.
The DNA sequence of the PCR product of each sample was
confirmed by nucleotide sequencing (data not shown).

Immunohistochemistry

Immunostaining was performed after fixation of tissue with
95 % ethyl alcohol or the HOPE (HEPES-glutamic acid
buffer-mediated organic solvent protection effect) Fixative
System (Polysciences, Warrington, Penn., USA), which pre-
serves antigenic structures without any type of protein cross-
linking (Olert et al. 2001). The method of fixation was select-
ed according to the combination of antibodies used for
counter-staining (Table 1). Fixation and immunostaining were
performed as follows: for ethyl alcohol fixation, freshly pre-
pared pituitaries of E12.5, E13.5, E16.5, E19.5, P0, P3, P15,
and P60 rats were embedded in Tissue-Tek O.C.T compound
(Sakura Finetek Japan, Tokyo, Japan) and were frozen imme-
diately. Cryosections (7 μm thick) from a sagittal plane for
embryonic and P0 pituitaries and from a coronal plane for
postnatal pituitaries were mounted on glass slides
(Matsunami, Osaka, Japan), followed by fixation in 95 %
ethyl alcohol for 30 min at −20 °C.

For HOPE-fixed paraffin sections, the pituitaries of P60
rats were fixed with HOPE solution I for 24 h at 4 °C,
followed by immersion in an ice-cold HOPE solution II in
acetone for 2 h at 4 °C and three times in acetone for 2 h. After
dehydration, tissues were transferred immediately into pre-
warmed low-melting-point paraffin and incubated overnight
at 55 °C. Paraffin sections (6 μm thick) from a coronal plane
were mounted on glass slides. After deparaffinization and
hydration, sections were antigen-retrieved by an
ImmunoSaver (0.05 % citraconic anhydride solution,
pH 7.4; Nisshin EM, Tokyo, Japan) for 1 h at 80 °C.

For HOPE-fixed frozen sections, the pituitaries of P60 rats
were fixed as described above, followed by immersion in
30 % trehalose in 20 mM HEPES to cryoprotect the tissues.
They were then embedded in Tissue-Tek O.C.T compound
and frozen immediately. Frozen sections (7 μm thick) were
prepared from the coronal plane.

After being washed with 20 mM HEPES-100 mM NaCl,
pH 7.5 (HEPES buffer), these sections were reacted with
primary antibodies at appropriate dilutions (Table 1) with

10 % (v/v) fetal bovine serum in HEPES buffer (blocking
buffer) overnight at 4 °C. Following the immunoreaction,
sections were washed with HEPES buffer and then incubated
with secondary antibodies, namely Cy3-, Cy5-, or fluorescein
isothiocyanate (FITC)-conjugated AffiniPure donkey anti-
mouse, rabbit, goat, or guinea pig IgG and chicken IgY
(1:500 dilution; Jackson ImmunoResearch, West Grove,
Penn., USA). The sections were washed with HEPES buffer
and subsequently mounted in VECTASHIELD Mounting
Medium with 4′,6-diamidino-2-phenylindole (DAPI; Vector,
Burlingame, Calif., USA). Immunofluorescence was ob-
served under fluorescence microscopy with BZ-8000
(KEYENCE, Osaka, Japan). The proportions of each type of
ephrin-B2/SOX2-positive cluster in the parenchyma were
measured by counting three to six areas (each 1.1–1.4 mm2)
in the sections prepared from three P60 rats. The data are
presented as means±SD for three animals.

Absorption test of anti-human ephrin-B2 antibodies

The cDNA of rat ephrin-B2 corresponding to a full-length
coding sequence was cloned in frame into the pET32a vector
(Novagen, Darmstadt, Germany) and generated the TrxA-His-
tag fused ephrin-B2 protein in Escherichia coli BL21 (DE3)
Codon Plus RIPL (Stratagene, La Jolla, Calif., USA). The
protein was isolated by using His-tag Mag beads (Toyobo).
Immunohistochemistry was performed by usingmouse mono-
clonal IgG (clone EFR-163 M) or rabbit IgG against human
ephrin-B2 pre-absorbed with TrxA-His-tag peptide or TrxA-
His-tag fused rat ephrin-B2 protein at a 1 : 5 molar ratio
against IgG.

Results

Ontogeny of ephrin-B2 gene expression and localization
of its protein in adult pituitary

The expression of the ephrin-B2 gene during rat pituitary
development was examined by quantitative real-time PCR
analysis (Fig. 1a). The result demonstrated that the ephrin-
B2 gene was expressed throughout all stages tested, and that
its expression level gradually decreased, at least in the anterior
lobe. The expression levels in the intermediate and posterior
lobes were higher than those in the anterior lobe during
postnatal periods.

Next, we confirmed the existence of ephrin-B2-positive
cells in the rat adult pituitary (P60) and the specificity of the
antibody by immunohistochemistry with mouse monoclonal
IgG against human ephrin-B2 (clone EFR-163 M) pre-
absorbed with TrxA-His-tag peptide (Fig. 1b, d) or TrxA-
His-tag fused rat ephrin-B2 protein (Fig. 1c, e). The result
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demonstrated that ephrin-B2 protein existed in the adult pitui-
tary mainly in the MCL, a pituitary stem/progenitor cell niche
(Allaerts andVankelecom 2005; Chen et al. 2005, 2013; Garcia-
Lavandeira et al. 2009; Gremeaux et al. 2012; Yoshida et al.
2011). Immunoreactive signals were not found in the pos-
terior lobe (Fig. 1b, d). Pre-absorption tests confirmed that
immunoreacted signals of ephrin-B2 in the pituitary were bona
fide.Moreover, the same result was obtainedwith another rabbit
polyclonal IgG against human ephrin-B2 (data not shown).

Ephrin-B2-positive cells are localized in embryonic
and postnatal pituitaries changing their localization pattern

Immunohistochemistry of ephrin-B2 was performed for
rat pituitaries from E12.5 to P60 (Fig. 2). On E12.5
during the early stage of pituitary development, two
distinct localizations of ephrin-B2-positive signals in
the cell membrane were detected in the invaginating
oral epithelium (Fig. 2a–c). Immunoreacted signals po-
larized in the apical cell membranes were localized in
the dorsal region of the invaginating oral epithelium.
Another type of signal non-polarized in the basolateral
cell membranes was mainly localized in the ventral
region. On E13.5, when the invaginating oral epithelium
detached from the oral cavity and formed the pituitary
primordium of Rathke’s pouch, two distinct localizations

of ephrin-B2-positive signals in the cell membranes became
clearer (Fig. 2d–f). Immunoreacted signals polarized in the apical
cell membranes were localized in the MCL and the border of
Rathke’s pouch. Signals in the basolateral cell membranes were
localized in the rostral tip, which originated from cells in the
bilateral area bordering on the oral ectoderm on E12.5 (Fig. 2a,
asterisk). On E16.5, at the middle stage of pituitary development
when ephrin-B2-positive signals in the rostral tip decreased,
positive signals in the basolateral cell membranes were detected
in the parenchyma of the intermediate and anterior lobes, where-
as the signals polarized in the apical cell membranes were still
located in the MCL (Fig. 2g–i). On E19.5, at the late stage of
pituitary development (Fig. 2j–l), the number of signals in the
basolateral cell membranes increased in the MCL and parenchy-
ma of the intermediate lobe. This phenomenon was enhanced on
P0, and the signal intensity in the anterior lobe side (anterior side)
of the MCL and in the parenchyma of the anterior lobe became
weaker than that in the intermediate lobe (Fig. 2m–o).

On P3, before the initiation of the postnatal pituitary
growth wave (Chen et al. 2006, 2009, 2013; Taniguchi et al.
2001; Yoshida et al. 2011), ephrin-B2-positive cells formed
multiple cell layers beneath both sides of theMCL (Fig. 2p–r).
The signal intensity was stronger in the intermediate side than
in the anterior side of the MCL. On P15, when the postnatal
growth wave was almost completed, multiple cell layers
formed by ephrin-B2-positive cells disappeared, and ephrin-

Table 1 List of primary antibodies. The symbols + and − indicate with
or without antigen-retrieval by using ImmunoSaver (0.05 % citraconic
anhydride solution, pH 7.4) for 1 h at 80 °C, respectively (HOPEHEPES-
glutamic acid buffer-mediated organic solvent protection effect, SOX2

Sex-determining region Y-box 2, CAR Coxsackievirus and adenovirus
receptor, PROP1 Prophet of PIT1, GFP green fluorescent protein, PRL
prolactin, LH luteinizing hormone, TSH thyroid-stimulating hormone,
ACTH adrenocorticotrophic hormone, GH growth hormone)

Section type Antigen
retrieval with
ImmunoSaver

Antibody description Vendor Dilution
or final
concentration

95 % Ethyl-alcohol-fixed
cryosections

− Mouse monoclonal IgG against
human ephrin-B2

Clone EFR-163 M, Sigma, St. Louis,
Mo., USA

1 : 100

Goat IgG against human SOX2 Neuromics, Edina, Minn., USA 1 : 500

Rabbit IgG against human CAR Santa Cruz Biotechnology, Santa Cruz,
Calif., USA

1 : 500

Guinea pig IgG against rat
PROP1

Produced by our laboratory 5 ng/μl

HOPE-fixed paraffin
sections

+ Rabbit IgG against human
ephrin-B2

Sigma 1 : 100

Mouse IgG against human
E-cadherin

BD Biosciences, San Jose, Calif., USA 1 : 200

Chicken IgY against jellyfish GFP Aves Labs, Tigard, Ore., USA 1 : 500

HOPE-fixed frozen
sections

− Rabbit antiserum against rat PRL Kindly provided by the National Institute
of Diabetes and Digestive and Kidney
Disease (NIDDK) through the courtesy
of Dr. A.F. Parlow

1 : 1,500

Guinea pig antiserum against
ovine LHβ

1 : 2,000

Guinea pig antiserum against
rat TSHβ

1 : 100,000

Guinea pig antiserum against
human ACTH

Kindly provided by Dr. S. Tanaka at
Shizuoka University, Shizuoka, Japan

1 : 100,000

Guinea pig antiserum against
human GH

1 : 15,000
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B2-positive cells remained in the single cell layer of the MCL
in addition to being scattered in the parenchyma of the anterior
lobe (Fig. 2s–u). In the adult pituitary on P60 (Fig. 2v, w),
ephrin-B2-positive signals both in the apical and in the
basolateral cell membranes were observed in the MCL, and
the signal intensity was stronger in the intermediate side
than in the anterior side. In the parenchyma of the
anterior lobe, ephrin-B2-positive cells formed cell clus-
ters (Fig. 2x). These results demonstrated that ephrin-B2
proteins were localized in both the apical and the
basolateral membranes of the cells in the pituitary
throughout life and mainly settled in the MCL (a pitu-
itary stem/progenitor cell niche) and in the cell clusters
in the parenchyma of the anterior lobe.

Ephrin-B2 co-exists with stem/progenitor cell markers, SOX2
and E-cadherin, in adult pituitary

To confirm that ephrin-B2 was present in the pituitary
stem/progenitor cells, we examined the co-localization
of ephrin-B2 and the pituitary stem/progenitor cell
markers, SOX2 (Fig. 3a–h) and E-cadherin (Fig. 3i–p)
in the adult pituitary (P60). Double-immunostaining for
ephrin-B2 and SOX2 demonstrated that most of the
ephrin-B2-positive cells, which were localized in the
MCL (Fig. 3a–d) and the parenchyma of the anterior
lobe (Fig. 3e–h), were positive for SOX2. However, a
small population of ephrin-B2-positive/SOX2-negative
cells (Fig. 3a–d, arrows) and ephrin-B2-negative/SOX2-

Fig. 1 Ontogeny of ephrin-B2
expression and the localization of
its protein in adult pituitary. a
Quantitative real-time polymerase
chain reaction (PCR) was
performed to estimate the mRNA
level of the rat ephrin-B2 by using
total RNAs extracted from the
whole pituitaries on embryonic
day 13.5 (E13.5) to postnatal day
0 (P0) and from the anterior (AL)
and intermediate/posterior lobes
(IL+PL) on P5 to P60. Data were
calculated by the comparative CT

method to estimate the relative
copy number to that of the TATA-
box-binding protein gene (Tbp)
used as an internal standard. Data
are presented as the means±SD of
duplicate PCR in two
independent experiments. b–e
Immunohistochemistry of adult
male rat pituitary on P60 was
performed with mouse
monoclonal IgG against human
ephrin-B2 (clone EFR-163 M),
pre-absorbed with TrxA-His-tag
peptide (b, d) or TrxA-His-tag
fused rat ephrin-B2 protein (c, e).
Ephrin-B2 is visualized with Cy3
(red), and merged images with
nuclear staining by 4,6-
diamidino-2-phenylindole
(DAPI, blue) are shown in d, e
(AL anterior lobe, IL intermediate
lobe, PL posterior lobe). Bars
50 μm
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positive cells (Fig. 3e–h, closed arrowheads) were also found. In
particular, SOX2-positive cells forming clusters in the

parenchyma tended to be positive for ephrin-B2 at a high fre-
quency (Fig. 3e–h, open arrowheads). Immunohistochemistry

Fig. 2 Localization of ephrin-B2 during rat pituitary development.
Ethyl-alcohol-fixed cryosections were prepared in a sagittal plane from
pituitaries of E12.5 (a–c), E13.5 (d–f), E16.5 (g–i), E19.5 (j–l), and P0
(m–o) and in a coronal plane from pituitaries of P3 (p–r), P15 (s–u), and
P60 (v–x). Ephrin-B2 is visualized with Cy3 (red), and the merged
images with nuclear staining by DAPI (blue) are shown. Boxed areas in

a, d, g, j,m, p, s, v are shown at higher magnification in b, c, e, f, h, i, k, l,
n, o, q, r, t, u,w, x (dotted lines outline of anterior and intermediate lobes
on E12.5 to P0, asterisk in a region forming the rostral tip, AL anterior
lobe, IL intermediate lobe, PL posterior lobe). Bars 50 μm (a, d, g, j,m,
p, s, v), 10 μm (w, x)
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for another stem/progenitor cell marker, E-cadherin, demonstrat-
ed a similar pattern (Fig. 3i–p).

Ephrin-B2 exists in CAR-positive adult pituitary
stem/progenitor cell niches

We have recently reported that a cell-surface receptor
protein, CAR, which is able to form a homophilic tight

junction, is co-localized with SOX2 and E-cadherin and
composes putative stem/progenitor cell niches in the
MCL and the parenchyma of the anterior lobe (Chen
et al. 2013). To examine whether ephrin-B2 exists in
the CAR-positive stem/progenitor cell niches, we per-
formed double-immunostaining for ephrin-B2 and CAR
in the adult pituitary (Fig. 4). The results demonstrated
that ephrin-B2 existed in the CAR-positive pituitary

Fig. 3 Immunostaining for ephrin-B2 and stem/progenitor cell markers,
SOX2 and E-cadherin, in the adult pituitary. a–h Immunostaining for
ephrin-B2 (clone EFR-163 M visualized with Cy3, red; a, e) and SOX2
(Cy5, green; b, f) in ethyl-alcohol-fixed cryosections prepared from the
pituitary on P60. Merged images without (c, g) and with DAPI (blue; d,
h) are shown. i–p Immunostaining for ephrin-B2 (rabbit IgG visualized
with Cy3, red; i, m) and E-cadherin (Cy5, green; j, n) in HOPE-fixed

paraffin sections. Merged images without (k, o) and with nuclear staining
by DAPI (blue; l, p) are shown (dotted lines border of marginal cell layer,
arrows ephrin-B2-single-positive cells, closed arrowheads SOX2-single-
positive cells, open arrowheads ephrin-B2/SOX2-double-positive
clusters, AL anterior lobe, IL intermediate lobe, MCL marginal cell
layer). Bars 20 μm
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stem/progenitor cell niches in the MCL and the paren-
chyma of the anterior pituitary on P60.

Some ephrin-B2-positive cells express genes for Prop1
or S100β but not for hormones

We have previously reported that (1) a pituitary-specific tran-
scription factor Prop1 is definitely expressed by SOX2-
positive pituitary stem/progenitor cells throughout the stages
of pituitary organogenesis, (2) the number of PROP1-positive
cells in the MCL greatly decreases after the postnatal growth
wave, and (3) afterward, the majority of PROP1-positive cells
remain in the parenchyma of the anterior lobe and about 78 %
of them express S100β, a marker of folliculostellate cells
(Yoshida et al. 2011). To characterize ephrin-B2-positive cells
further, we performed co-immunostaining for SOX2 and
PROP1 (Fig. 5), and S100β or pituitary hormones (Fig. 6).
Triple-immunostaining together with SOX2 and PROP1 re-
vealed that the majority of ephrin-B2-positive clusters in the
parenchyma of the anterior lobe were composed of SOX2-
single-positive cells and a small amount of SOX2/PROP1-
double-positive cells (66.6±3.3 % of all ephrin-B2/SOX2-
positive clusters; Fig. 5a–d). Clusters composed of
SOX2/PROP1-double-positive cells were also observed
(24.2±5.2 %; Fig. 5e–h), and those composed of only
SOX2-single-positive cells were found at a low frequency
(9.2±2.0 %; Fig. 5i–l). Double-immunostaining together with
S100β in the S100β-GFP transgenic rat (Itakura et al. 2007)
revealed that a large number of the cells in ephrin-B2-positive
clusters were positive for S100β (Fig. 6a). As shown in
Fig. 6b–f, none of the cells positive for ephrin-B2, which were

in clusters or scattered in the parenchyma of the anterior lobe,
produced any pituitary hormone. These data indicated that the
ephrin-B2 gene was expressed by pituitary stem/progenitor
cells but not by terminally differentiated cells. Furthermore,
ephrin-B2-positive clusters in the parenchyma of the anterior
lobe were the SOX2/E-cadherin/CAR-triple-positive
stem/progenitor cell niches but were inhomogeneous regard-
ing the expression of Prop1.

Discussion

We have previously reported that CAR exists in SOX2-
positive cells that are located in the MCL and scattered in
the parenchyma of the anterior lobe, and that these cells
compose the pituitary stem/progenitor cell niches via tight
junctions (Chen et al. 2013). Therefore, we have hypothesized
that cell adhesion is an important factor for the construction of
the niches and the regulation of stem cell function. We have
checked the expression of all B class ephrins (data not shown)
and here focus on ephrin-B2 because of its known role in the
neural stem cell (Nomura et al. 2010). Our results confirm that
ephrin-B2-positive cells are involved in pituitary organogen-
esis and settle within the SOX2/E-cadherin/CAR-triple posi-
tive pituitary stem/progenitor cell niches.

Although the localization pattern of the ephrin-B2-positive
cells is similar to that of CAR in the adult pituitary, that of
ephrin-B2 in the embryonic pituitary is different and drasti-
cally changes at every stage of pituitary organogenesis. These
data suggest that the ephrin-B2 signal is involved not only in

Fig. 4 Immunostaining for ephrin-B2 and CAR in the adult pituitary.
Immunostaining for ephrin-B2 (clone EFR-163 M visualized with Cy3,
red; a, e) and CAR (Cy5, green; b, f) in ethyl-alcohol-fixed cryosections.

Merged images without (c, g) and with nuclear staining byDAPI (blue; d,
h) are shown (dotted lines border of the marginal cell layer, AL anterior
lobe, IL intermediate lobe, MCL marginal cell layer). Bars 20 μm
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the construction of the pituitary stem/progenitor cell niches,
but also in pituitary organogenesis. Indeed, ephrin signaling is
known to play a role in boundary formation during the devel-
opment of many tissues, such as the crypts of the intestine
(Batlle et al. 2002) and the rhombomere (Mellitzer et al.
1999). In pituitary organogenesis, only ephrin receptor-A5 is
reported to be expressed in the neurohypophysis (Zarbalis and
Wurst 2000). Our data demonstrate that ephrin-B2-positive
cells are mainly localized in the rostral tip andMCL on E13.5.
Growth factor signaling such as that of bone morphogenetic
protein 2, which is initially expressed in the most ventral
region of Rathke’s pouch, and of sonic hedgehog, which is
expressed in the oral ectoderm, has been reported to be in-
volved in the formation of the ventral boundary between
Rathke’s pouch and the oral ectoderm via the induction of
many transcription factors (Dasen and Rosenfeld 2001; Treier
et al. 1998). Regardless of the many studies that have ad-
dressed growth factor signaling, little is known about the
mechanism of boundary formation between the rostral tip

and Rathke’s pouch. Our present data are the first to indicate
that ephrin-B2 plays a role in the boundary formation of the
rostral tip during pituitary development.

In relation to the formation of niches scattered in the
parenchyma of the anterior lobe, Gremeaux et al. (2012)
suggest that two processes take place: cluster outgrowth from
the MCL and stem/progenitor cell migration from MCL. We
have previously proposed the latter process by demonstrating
that epithelial-mesenchymal transition (EMT) provokes the
migration of CAR-positive stem/progenitor cells from the
MCL by the indirect verification of the expression of
Vimentin, an EMT-associated marker (Chen et al. 2013).
During the postnatal period, ephrin-B2 occurs in CAR-
positive cells localized in the MCL and in the clusters
scattered in the parenchyma of the anterior lobe. Notably, at
the initiation of the postnatal growth wave (P3), ephrin-B2-
positive cells form multiple cell layers beneath the MCL,
changing their membrane polarization to basolateral,
followed by migration to compose the postnatal pituitary

Fig. 5 Triple-immunostaining for ephrin-B2, SOX2, and a pituitary
specific progenitor marker, PROP1. Immunostaining for ephrin-B2
(clone EFR-163 M visualized with Cy3, red; a, e, i), SOX2 (Cy5,
green; b, f, j), and PROP1 (FITC, white; c, g, k) in ethyl-alcohol-fixed
cryosections prepared from the pituitary on P60. Merged images with

nuclear staining by DAPI (blue) are shown right (d, h, l). Clusters
composed of SOX2-positive and PROP1/SOX2-positive cells (a–d),
SOX2/PROP1-positive cells (e–h), and SOX2-positive/PROP1-negative
cells (i–l) are shown. Bars 20 μm
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stem/progenitor niches in the parenchyma of the anterior
lobe after P15, similar to CAR-positive cells (Chen et al.
2013). Ephrin-Bs signaling is known to have a role in
regulating cell attachment and migration, such as in ova-
ry-, glioma-, melanoma-, and intestinal-epithelia-derived
cell lines (Hafner et al. 2005; Meyer et al. 2005;
Nakada et al. 2010). Cowan and Henkemeyer (2001) have
reported that the phosphorylated cytoplasmic domain of
ephrin-B recruits the adaptor protein GRB4, and following
its binding, proteins including PAXILLIN and FAK pro-
mote cell spreading and movement. Therefore, CAR- and
ephrin-B2-positive cells probably migrate from the MCL,
with ephrin-B2 signaling playing a role in pituitary cell
migration. This can be achieved by cells expressing a
partner ephrin receptor that should exist around the MCL
to activate ephrin-B2 signaling. Hence, studies of ephrin-
B2 and its receptor might become a good tool for dem-
onstrating (1) whether CAR- and ephrin-B2-positive stem/
progenitor cells migrate from the MCL and (2) the pres-
ence of the pituitary niche cells. From another point of
view, the intensities of both ephrin-B2- and CAR-positive
signals are commonly stronger in the intermediate side
than the anterior side of the MCL, and both proteins
contain a PSD-95, Dlg, ZO-1 (PDZ)-binding domain in
the intracellular C-terminal region (Arvanitis and Davy
2008; Bewley et al. 1999; van Raaij et al. 2000; Xi
et al. 2012). These data suggest that ephrin-B2 and CAR
interact via PDZ-domain-containing proteins and cooperate

in the signaling for cell attachment, migration, prolifera-
tion, and maintenance of stemness.

Our previous quantitative and qualitative analyses of
immunohistochemistry demonstrated that, during the ear-
ly postnatal pituitary growth wave, the number of
PROP1/SOX2-positive cells significantly decreased by a
change in their properties in the MCL, whereas they
were maintained in the niches in the parenchyma
(Higuchi et al. 2014; Yoshida et al. 2011). At that time,
it was not clear whether SOX2/PROP1-double positive
cells and SOX2-positive/PROP1-negative cells had dif-
ferent roles in the cell supply system in the adult pitui-
tary niches. In this study, we have confirmed that ephrin-
B2 exists in the adult stem/progenitor cell niches in the
parenchyma of the anterior lobe, and that these niches
are classified into three groups with regard to the expres-
sion of Prop1. Most of the niches are composed of
SOX2-single-positive cells and a small number of
SOX2/PROP1-double-positive cells. The second type is
composed of SOX2/PROP1-double-positive cells. The
third type of niche, composed only of SOX2-single-
positive cells, is also found at a low frequency. Our data
demonstrate that about 90 % of the pituitary stem/
progenitor cell niches in the parenchyma of the adult
anterior lobe include PROP1-positive cells. Andoniadou
et al. (2013) have reported that most of the SOX2-
positive cells are in a quiescent state in the adult pitui-
tary under normal physiological conditions by using

Fig. 6 Localization of ephrin-B2 in S100β-GFP-positive cells and
hormone-producing cells. Immunostaining was performed for ephrin-
B2 (rabbit IgG) and green fluorescent protein (GFP) by using HOPE-
fixed paraffin sections prepared from adult S100β-GFP transgenic rat on
P60 (a). HOPE-fixed frozen sections of adult pituitary (P60) were used
for immunostaining for ephrin-B2 (clone EFR-163 M) and the following

hormones: growth hormone (GH, b), prolactin (PRL, c), thyroid-
stimulating hormone β subunit (TSHβ, d), adrenocorticotrophic
hormone (ACTH, e), and luteinizing hormone β subunit (LHβ, f).
Merged images with ephrin-B2 (visualized with Cy3, red) and GFP or
hormones (Cy5, green) are shown. Bars 20 μm
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Sox2-lineage tracing. These findings indicate that most of
the pituitary stem/progenitor cell niches in the parenchy-
ma are in a waiting state for differentiation on demand.

In summary, we have demonstrated that a juxtacrine factor
ephrin-B2 exists in the SOX2/E-cadherin/CAR-triple-positive
pituitary stem/progenitor cell niches in the adult pituitary.
Thus, the present data suggest that ephrin-B2 signaling plays
important roles in the formation of pituitary stem/progenitor
cell niches and in pituitary organogenesis.
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