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Abstract Sox2-expressing stem/progenitor cells in the anterior
lobe of the pituitary gland form two types of micro-environments
(niches): the marginal cell layer and dense cell clusters in the
parenchyma. Inrelation to the mechanism of regulation of niches,
juxtacrine signaling via ephrin and its receptor Eph is known to
play important roles in various niches. The ephrin and Eph fam-
ilies are divided into two subclasses to create ephrin/Eph signal-
ing in co-operation with confined partners. Recently, we reported
that ephrin-B2 localizes specifically to both pituitary niches.
However, the Ephs interacting with ephrin-B2 in these pituitary
niches have not yet been identified. Therefore, the present study
aims to identify the Ephs interacting with ephrin-B2 and the cells
that produce them in the rat pituitary gland. In situ hybridization
and immunohistochemistry demonstrated cell type-specific lo-
calization of candidate interacting partners for ephrin-B2, includ-
ing EphA4 in cells located in the posterior lobe, EphB1 in
gonadotropes, EphB2 in corticotropes, EphB3 in stem/
progenitor cells and EphB4 in endothelial cells in the adult pitu-
itary gland. In particular, double-immunohistochemistry showed
cis-interactions between EphB3 and ephrin-B2 in the apical cell
membranes of stem/progenitor cell niches throughout life and
trans-interactions between EphB2 produced by corticotropes
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and ephrin-B2 located in the basolateral cell membranes of
stem/progenitor cells in the early postnatal pituitary gland.
These data indicate that ephrin-B2 plays a role in pituitary stem/
progenitor cell niches by selective interaction with EphB3 in cis
and EphB2 in trans.
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Abbreviations

CAR  Coxsackievirus and adenovirus receptor

DAPI  4,6-Diamidino-2-phenylindole

Eph Erythropoietin-producing hepatocellular carcinoma
receptor

Ephrin  Eph family receptor interacting proteins

FITC  Fluorescein isothiocyanate

MCL  Marginal cell layer

PCR Polymerase chain reaction

PDZ PSD-95, Dlg, ZO-1

PFA Paraformaldehyde

SOX2  Sex-determining region Y-box 2
SvZ Subventricular zone

TBP TATA-box-binding protein
Introduction

The pituitary gland is a master endocrine tissue composed of two
anatomically different entities: the adenohypophysis (anterior
pituitary), composed of the anterior and intermediate lobes and
the neurohypophysis of the posterior lobe. The anterior lobe of
the pituitary gland has five endocrine cell-types, including
somatotropes, which produce growth hormone (GH);
lactotropes, which produce prolactin (PRL); thyrotropes, which
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produce thyroid-stimulating hormone (TSH); gonadotropes,
which produce follicle-stimulating hormone (FSH) and luteiniz-
ing hormone (LH); and corticotropes, which produce adrenocor-
ticotropic hormone (ACTH). During rodent pituitary develop-
ment, corticotropes first appear in the ventral part of the anterior
lobe. Subsequently, PIT1-commitment cells (origin of
somatotropes, lactotropes and thyrotropes) and gonadotropes
start to differentiate in the caudomedial region and the most ven-
tral part of the anterior lobe, respectively (Zhu et al. 2007).
Afterward, those five types of endocrine-cells are scattered in
the parenchyma of the anterior lobe. The cellular composition
of each endocrine cell is regulated by a number of transcription
factors and growth factors during not only embryonic organo-
genesis but also a postnatal growth wave in the first-to-third
weeks after birth, when proliferation and differentiation actively
occur in the anterior lobe (Davis et al. 2010; Vankelecom and
Chen 2014; Ward et al. 2005; Zhu et al. 2007). In addition, stem/
progenitor cells exist as non-endocrine cells and play roles in the
regeneration of the adult pituitary gland (Fu et al. 2012; Fu and
Vankelecom 2012; Vankelecom and Chen 2014; Willems et al.
2016). Among these cells, recent studies have demonstrated that
Sox2-expressing cells are important in the physiological mainte-
nance of the adult pituitary gland through an in vitro assay using
pituispheres (Chen et al. 2009; Fauquier et al. 2008) and an
in vivo assay using Sox2<"“FRT2/* . R26""""* transgenic mice
(Andoniadou et al. 2013; Chen et al. 2009; Fauquier et al. 2008;
Fuetal. 2012; Fu and Vankelecom 2012; Rizzoti et al. 2013).

A niche is a microenvironment containing stem cells and
niche cells that maintain stemness through paracrine and
juxtacrine factors. Niches have been identified in tissues such
as the brain, intestine and skin (Chen and Chuong 2012). In
the adult pituitary gland, marginal cell layer (MCL-niche) and
SOX2-positive cell clusters scattering in the parenchyma of
the anterior lobe (parenchymal-niche) are postulated as niches
(Gremeaux et al. 2012; Vankelecom and Chen 2014; Yoshida

et al. 2016a). While the MCL-niche persists throughout early
embryonic and adult development of the anterior pituitary
gland, the parenchymal-niche only appears after birth, increas-
ing in number during the early postnatal pituitary growth wave
(Chen et al. 2013). Recently, we demonstrated the existence of
two transmembrane proteins that are present in both pituitary
niches: the transmembrane protein CAR (coxsackievirus and
adenovirus receptor), which is encoded by the Cxadr gene and
is able to form homophilic tight junctions (Chen et al. 2013);
and the juxtacrine factor ephrin-B2 (Yoshida et al. 2015).
More recently, we isolated the parenchymal-niche by taking
advantage of its tight structure and resistance to protease treat-
ment (Yoshida et al. 2016b). These data suggest that cell-to-
cell communication is important for the construction and reg-
ulation of pituitary gland niches. However, the functions of
these membrane proteins in the maintenance of stem/
progenitor cells and frans-differentiation in the pituitary niche
remain unclear.

Ephrin and its receptor Eph are signaling molecules that local-
ize to cell membranes and turn on juxtacrine signaling through
cell-to-cell adhesion (Arvanitis and Davy 2008). Ephrin/Eph sig-
naling is known to play important roles in various niches, such as
the subventricular zone (SVZ) 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). Two types of interactions are
known to occur between ephrin and Eph (see the schema about the
interaction of ephrin and Eph in Arvanitis and Davy 2008; Kania
and Klein 2016). The first is a trans-interaction where each of
ephrin and Eph is expressed in opposing cells; this activates bi-
directional signaling in both the Eph-expressing cell (termed for-
ward signaling) and the ephrin-expressing cell (reverse signal-
ing). The second is a cis-interaction, in which both molecules
are co-expressed in the same cell, generating inactive (parallel
or anti-parallel) signaling (Arvanitis and Davy 2008; Egea and
Klein 2007; Kania and Klein 2016). The ephrin and Eph families

Table 1 List of primer sets of

quantitative real-time PCR Gene Sequence (5°—3") Production size (bp) ~ Accession no.

EphA4  Forward ~ TGGGCTGAGACAATCCTGA 160 NM_001162411.1
Reverse ~ AGGAACCAAGGAGGGTGTG

EphBl ~ Forward ~ TACCACCGTGGATGACTGG 240 NM_001104528.1
Reverse TCCTCCCCTAGGAACATCG

EphB2  Forward ~ GTCTGACTTCGGGCTCTCAC 134 NM_001127319.1
Reverse TGGCTGAGGTGAATTTCCGG

EphB3  Forward ~ AAGGATCGGGGTCACTTTG 158 NM_001105868.1
Reverse GGGGATATCACCCCCTCTT

EphB4  Forward ~ GCTCCTTTGAGGTGGTCAGCCA 126 XM_003751157.4
Reverse CTCCTGGCTTAGCTTGGGAC

EphB6  Forward ~ TTCCTTGCCTGGACTCTCC 192 NM_001107857.1
Reverse GCTGGAGGAGCTGGATGTT

Thp Forward ~ GATCAAACCCAGAATTGTTCTCC 134 NM_001004198.1
Reverse ATGTGGTCTTCCTGAATCCC
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are divided into two subclasses, with five ephrin-A, three ephrin-
B, nine EphA and five EphB proteins (Murai and Pasquale 2003;
Pasquale 2005). Among these, B-class ephrin/Eph signaling is
responsible for intercellular signaling between stem cells and
neighboring cells (e.g., niche cells and differentiated cells) in var-
ioustissues such as the crypt (Batlle etal. 2002), subgranular zone,
(Ashtonetal. 2012) and SVZ (Nomura et al. 2010). As described
above, we reported that ephrin-B2 exists in SOX2/CAR-double
positive stem/progenitor cells in both the MCL- and
parenchymal-niches in the pituitary gland, suggesting that
ephrin-B2 is a molecular regulator of pituitary stem/progenitor
cell niches (Yoshida et al. 2015). Although ephrin-B2 has a po-
tential to interact with EphA4, EphB1, EphB2, EphB3, EphB4
and EphB6, the interacting partner Ephs for ephrin-B2 in the adult
pituitary stem/progenitor cell niches have not yet been identified.

In this study, we aim to identify the Ephs pairing with
ephrin-B2 and the cells that produce them in the postnatal
rat pituitary gland. Immunohistochemistry of candidate Ephs
pairing with ephrin-B2 demonstrated that ephrin-B2 and
EphB3 exist in the same cell membrane, suggesting a cis-
interaction in adult pituitary stem/progenitor cell niches. In
contrast, during the postnatal growth wave, we found a tran-
sition in the membrane localization of ephrin-B2, resulting in
the formation of a trans-interaction with EphB2 produced by
corticotropes. These data suggest that ephrin-B2 regulates pi-
tuitary stem/progenitor cell niches through selective interac-
tion with EphB3 in cis and EphB2 in frans.

Materials and methods
Animals

Intact Wistar-Imamichi strain rats (0-9 weeks) 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.
Rats were killed by cervical dislocation under anesthesia. The
present study was approved by the Institutional Animal Care
and Use Committee, Meiji University and complied with the
NIH Guidelines for the Care and Use of Laboratory Animals.

Quantitative real-time polymerase chain reaction (PCR)

Total RNAs were extracted from each of the anterior and
intermediate/posterior lobe of postnatal day 60 (P60, n = 3)
rats using ISOGEN (Nippon Gene, Tokyo, Japan). Reverse
transcripts were synthesized with PrimeScript Reverse
Transcriptase (Takara Bio, Otsu, Japan) using 1 pg of total
RNAs after DNase I treatment and were subjected to quanti-
tative real-time PCR on the ABI Prism 7500 Real-Time PCR
System (Applied Biosystems, Foster City, CA, USA).
Reactions were performed in SYBR Green Real-Time PCR
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Fig. 1 Expression of candidate Ephs interacting with ephrin-B2 in the
anterior lobe of the adult pituitary gland. Quantitative real-time
polymerase chain reaction (PCR) was performed to estimate mRNA
levels of candidate binding partners EphA4, EphBl, EphB2, EphB3,
EphB4 and EphB6 using total RNAs prepared from the anterior lobe
on P60. Data were calculated using the comparative Ct method to
estimate copy number relative to that of the TATA box binding protein
gene (7hp), which was used as an internal standard. Data are presented as
means + SD in two independent experiments

Master Mix Plus (Toyobo, Osaka, Japan) and included
0.6 uM of a specific primer set for each gene (Table 1).
Each sample was measured in two independent experiments
and data were quantified using the comparative Ct method
(DCt method) to estimate the gene copy number relative to
Thp as an internal standard. The DNA sequence of the PCR
product from each sample was confirmed by nucleotide se-
quencing (data not shown).

Fig. 2 Localization of EphA4, EphB1, EphB2 and EphB4 in the adult P>
pituitary gland. a—a""’ In situ hybridization of EphA4 using 4% PFA-fixed
frozen sections of the pituitary gland on P60. A positive signal for the
anti-sense probe was detected in the posterior lobe (boxed area in a’ is
enlarged in a’") and no signal was detected by the sense probe in the
posterior lobe (a’"’). b Expression of EphA4 in each of the adult anterior
and intermediate/posterior lobe (P60) as determined by real-time PCR.
Data were quantified and are presented as described in Fig. 1. c—d"""’
Double-immunohistochemistry for EphB1 and LHf using 4% PFA-
fixed frozen sections of the pituitary gland on P60. Merged image of
EphB1 visualized with Cy3 (red) and nuclear staining by 4,6-
Diamidino-2-phenylindole (DAPI, blue) is shown in (¢). The boxed
area in (d) is enlarged in d’ (EphBl), d” (LHB with Cy5; green),
d’"" (merge) and d'’'" (merge with DAPI). e—f"""" Double-
immunohistochemistry for EphB2 and ACTH using 4% PFA-fixed
frozen sections of the pituitary gland on P60. Merged image of EphB2
visualized with Cy3 (red) and nuclear staining by DAPI (blue) is shown
in (e). The boxed area in (f) is enlarged in f' (EphB2) and f" (ACTH with
Cy5; green), f'"" (merge) and f'""" (merge with DAPI). g-h"""" Double-
immunohistochemistry for EphB4 and PECAM using 95% ethyl alcohol-
fixed cryosections of the pituitary gland on P60. Merged image of EphB4
visualized with Cy3 (red) and nuclear staining by DAPI (blue) is shown
in (g). The boxed area in (h) is enlarged in h’ (EphB4) and h"" (PECAM
with Cy5; green), h'"" (merge) and h"""’ (merge with DAPI). Dotted lines
in a, ¢, e and g outline the anterior, intermediate and posterior lobes.
Arrowheads and arrows in h'-h'""" indicate EphB4/PECAM-double
positive cells and EphB4-single positive cells adjacent to PECAM-
single positive cells, respectively. All images were observed using a
BZ-8000 epifluorescence microscope. AL anterior lobe; /L intermediate
lobe; PL posterior lobe. Bars (a, ¢, e, g) 50 um, (a”, a’’, d"”, {'", h'""")
20 um
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Immunohistochemistry

Immunohistochemistry was performed after fixation with 95%
ethyl alcohol or 4% paraformaldehyde (PFA). The method of fix-
ation was selected according to the antibody used (Table 2).
Fixation and immunostaining were performed as follows. For eth-
yl alcohol fixation, freshly prepared pituitaries of embryonic day
(E) 11.5, E12.5, E13.5, E16.5, E20.5, PS5 and P60 rats were em-
bedded in Tissue-Tek O.C.T. compound (Sakura Finetek Japan,
Tokyo, Japan) and frozen immediately. Cryosections (7 pum thick)
from the sagittal planes of embryonic pituitaries and coronal
planes of postnatal pituitaries were mounted on glass slides
(Matsunami, Osaka, Japan), followed by fixation in 95% ethyl
alcohol for 30 min at —20 °C. For PFA fixation, the pituitaries of
E13.5, P5 and P60 rats were fixed with 4% PFA in 20 mM HEPES
(pH 7.5) overnight at 4 °C, followed by immersion in 30% treha-
lose in 20 mM HEPES to cryoprotect the tissues. They were em-
bedded in Tissue-Tek O.C.T. compound and frozen immediately.
Frozen sections (7 um thick) from the sagittal planes of embryonic
pituitaries and coronal planes of postnatal pituitaries were pre-
pared. Depending on the antibody, sections were antigen-
retrieved by an ImmunoSaver (0.05% citraconic anhydride solu-
tion, pH 7.4; Nisshin EM, Tokyo, Japan) (Table 1).

After washing with 20 mM HEPES and 100 mM NaCl
(pH 7.5; HEPES buffer), the sections were reacted with pri-
mary antibodies at appropriate dilutions (Table 1) with 10%
(v/v) fetal bovine serum (FBS) or 0.5% bovine serum albumin
(BSA) in HEPES buffer (blocking buffer) overnight at 4 °C.
After the immunoreaction, the sections were washed with
HEPES buffer and then incubated with secondary antibodies
using Cy3-, Cy5-, or FITC-conjugated AffiniPure donkey an-
ti-mouse, rabbit, goat and guinea pig IgG (1:500 dilution;
Jackson ImmunoResearch, West Grove, PE, USA). The sec-
tions were washed with HEPES buffer and then enclosed in
VECTASHIELD Mounting Medium with 4, 6-diamidino-2-
phenylindole (DAPI) (Vector, Burlingame, CA, USA).
Immunofluorescence was observed under a BZ-8000 fluores-
cence microscope (KEYENCE, Osaka, Japan) or a
FLUOVIEW FV1000 confocal microscope (Olympus,
Tokyo, Japan). The number of cells neighboring the MCL-
zone and parenchymal-niches of the anterior lobe were mea-
sured by counting six MCL sections (1.9 = 0.19 mm each) and
nine parenchymal areas (0.2 mm? each) in the sections pre-
pared from three P5 rats. In the parenchyma, dense cell clus-
ters composed of more than four SOX2-positive cells
(assumed based on E-cadherin) were regarded as belonging
to the parenchymal-niche (Yoshida et al. 2016b). Data are
presented as means + SD.

In situ hybridization

In situ hybridization was performed with digoxigenin (DIG)-
labeled cRNA probes according to a previous method
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(Fujiwara et al. 2008). Briefly, the 5’ region of the coding
sequence for rat EphA4 (1-812 bp) was ligated to
pBluescript SK+ (Stratagene, La Jolla, CA, USA) and DIG-
labeled cRNA probes were prepared using Roche DIG RNA
labeling kit (Roche Diagnostics, Penzberg, Germany). Next,
4% PFA-fixed frozen sections of the coronal plane (5 um
thick) were hybridized with DIG-labeled cRNA probe at
57 °C for 16 h. After hybridization, sections were incubated
with alkaline phosphatase-conjugated anti-DIG antibody
(1:1000 dilution; Roche Diagnositcs) for 1 h at room temper-
ature and were visualized with 4-nitroblue tetrazolium chlo-
ride (NBT; Roche Diagnostics) and 5-bromo-4-chloro-3-
indolyl phosphate (BCIP; Roche Diagnostics). Microscopic
observation was performed with the BZ-8000. A control ex-
periment was performed with the DIG-labeled sense cRNA
probe.

Results

Gene expression and cell type-specific localization
of candidate Ephs interacting with ephrin-B2 in the adult
pituitary gland

We recently reported that ephrin-B2, which has a potential to
interact with EphA4, EphB1, EphB2, EphB3, EphB4 and
EphB6, is expressed in the pituitary stem/progenitor cell
niches of the adult anterior lobe (Yoshida et al. 2015).
Therefore, we examined the expression in these niches of
candidate Ephs interacting with ephrin-B2 (EphA4, EphBl,
EphB2, EphB3, EphB4 and EphB6) (Jensen 2000; Munthe
etal. 2000) by quantitative real-time PCR analysis. The results
demonstrated that all candidate Ephs were expressed in the
anterior lobe (Fig. 1). In particular, EphBI was the most highly
expressed among the Ephs examined.

Next, we sought to determine the cellular localizations of Ephs
interacting with ephrin-B2. Among them, localization analysis
was not conducted for EphB6 because EphB6 is a kinase-dead
Eph (Gurniak and Berg 1996) and shows a complicated property
tointeractnotonly with EphB1 (Freywald etal. 2002) and EphB4
(Truitt et al. 2010) but also with another A-class Eph, EphA2
(Akada et al. 2014). Therefore, we focused on typical Ephs
(EphA4, EphB1, EphB2, EphB3 and EphB4) as binding partners
for ephrin-B2. As an appropriate antibody against EphA4 was
lacking, we performed in situ hybridization for EphA4.
Immunohistochemistry was used for localization of EphB1,
EphB2, EphB3 and EphB4. In situ hybridization demonstrated
that EphA4 was strongly expressed by nucleated cells in the adult
posterior lobe but not in the anterior and intermediate lobes
(Fig. 2a—a""). Real-time PCR also confirmed that EphA4 was
expressed at much higher levels in the intermediate/posterior lobe
than in the anterior lobe (Fig. 2b).
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Fig. 3 Localization of EphB3 in
the adult pituitary stem/progenitor
cell niches. a—¢’
Immunohistochemistry for
EphB3 using 95% ethyl alcohol-
fixed cryosections of the pituitary
gland on P60. Merged image with
EphB3 visualized with Cy3 (red)
and nuclear staining by DAPI
(blue) is shown in (a) and the
boxed areas in (b and ¢) are
enlarged in (b’ and ¢’),
respectively. d—e'’ Double-
immunohistochemistry for
EphB3 and stem/progenitor cell
marker E-cadherin using 95%
ethyl alcohol-fixed cryosections
of the pituitary gland on P60.

EphB3 visualized with Cy3 (red)
(d, e), E-cadherin visualized with

E-cadherin

Merge + DAPI

Cys5 (green) (d', e') and merged
images with nuclear staining by
DAPI (blue) (d"', ') in the MCL
(d—d"") and the parenchyma of the
anterior lobe (e—e'’) are shown.
All images were observed using a
BZ-8000 epifluorescence
microscope. AL anterior lobe; IL
intermediate lobe; MCL marginal
cell layer; PL posterior lobe. Bars
(a) 50 um, (b’, ¢, d”, e”") 20 um

MCL

Parenchyma

Immunohistochemistry for EphB1, EphB2 and EphB4
showed that all three were present in the adult anterior lobe
(Fig. 2c—g). Double-immunohistochemistry demonstrated that
EphB1 and EphB2 were specifically located in terminally differ-
entiated cells, with expression in LH[3-positive gonadotropes
(Fig. 2c—d"") and ACTH-positive corticotropes (Fig. 2e—""),
respectively. Notably, both EphB1 and EphB2 localized to the
cytoplasm (Fig. 2d’, ') whereas we could not confirm whether
EphB1 and EphB2 localized to cell-surface membranes in the
adult pituitary. Next, double-immunohistochemistry for
EphB4 and the vascular endothelial cell marker PECAM
demonstrated some EphB4 signals located in PECAM-
positive endothelial cells (Fig. 2h’™-h"""", arrowheads) and contig-
uous cells (Fig. 2h’-h"", arrows). These same EphA4, EphBl,
EphB2 and EphB4 localization patterns were observed in the
neonatal pituitary gland on P5 (data not shown).

In contrast, immunohistochemistry for EphB3 demonstrat-
ed that EphB3 was present in the cell-surface membranes of

cells located on both the anterior and intermediate sides of the
MCL, as well as in cell clusters scattered throughout the pa-
renchyma of the anterior lobe (Fig. 3a—c’). Double-
immunohistochemistry for EphB3 and E-cadherin, which is
a pituitary stem/progenitor cell marker (Fauquier et al. 2008),
demonstrated that EphB3 co-localized with E-cadherin in both

Table 3  Summary of localization of Ephs paring with ephrin-B2
Factor Localization

EphA4 Nucleated cells in the posterior lobe
EphBl1 Gonadotropes

EphB2 Corticotropes

EphB3 Pituitary stem/progenitor cell niche
EphB4 Endothelial cells and contiguous cells

involved in the vasculature
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the MCL- and parenchymal-niche of the anterior lobe
(Fig. 3d—e").

In summary, candidate Ephs interacting with ephrin-B2
exhibited cell type-specific localization in the pituitary
gland, with EphA4 present in cells in the posterior lobe,
EphB1 in gonadotropes, EphB2 in corticotropes, EphB4
in endothelial cells and contiguous cells involved in the
vasculature and EphB3 in both pituitary stem/progenitor
cell niches (Table 3).

Localization of EphB3 during pituitary development

As EphB3 exhibited a similar localization pattern to that of
ephrin-B2 in adult pituitary stem/progenitor cell niches (de-
scribed in Yoshida et al. 2015), EphB3 represented a likely
interacting partner for ephrin-B2. First, to confirm localization
of EphB3 in the MCL-niche during embryonic pituitary de-
velopment (before the parenchymal niche has formed), we
performed immunohistochemistry for EphB3 from E11.5 to
E20.5 (Fig. 4). On E11.5 and E12.5, during the early stage of
pituitary development, immunohistochemistry demonstrated
that EphB3 signals existed in the cell membrane of the ventral
region of the invaginating oral epithelium (Fig. 4a, b). On
E13.5, when the invaginating oral epithelium forms the pitu-
itary primordium of Rathke’s pouch, EphB3 signals in the
MCL localized specifically to the cell membranes facing the
lumen (Fig. 4c) and this localization pattern was maintained
on E16.5 (Fig. 4d) and E20.5 (Fig. 4e).

Localization of EphB3 and ephrin-B2 in the adult
pituitary stem/progenitor cell niches

Next, we performed double-immunohistochemistry to confirm
co-localization of EphB3 and ephrin-B2 in the postnatal pituitary
stem/progenitor cell niches (Figs. 5 and 6). On P60, most of the
EphB3 and ephrin-B2 signals co-localized to the restricted cell
surface in both the MCL-niche (Fig. 5a—a") and the parenchymal-
niche of the anterior lobe (Fig. 5b—b"). Since we have reported
that most of ephrin-B2 co-localize with S1003 (Yoshida et al.
2015), EphB3-positive cells were presumed to be positive for
S1003 (data not shown). We further analyzed the polarity of
the cells composing both niches by double-staining for SOX2
and phalloidin, which specifically binds to filamentous actin (F-
actin) to delineate the apical cell surface of polarized cells (Li et al.
2007). The results demonstrated that the cells in a single layer of
both niches were highly polarized, with the apical surface of cells
in the MCL-niche facing the residual lumen (Fig. 5c—c") and that
of cells in the parenchymal-niche facing the central lumen (Fig.
5d-d"). Thelocalization patterns of EphB3 and ephrin-B2 in both
niches (Fig. 5a-b") coincided with that of phalloidin, demonstrat-
ing that both EphB3 and ephrin-B2 are limited to the apical cell
membrane of the polarized cells in the two niches.

Next, we examined the localization of EphB3 and ephrin-B2 in
the neonatal pituitary gland on PS5, when the postnatal pituitary
growth wave is initiated (Davis et al. 2010; Vankelecom and Chen
2014; Ward et al. 2006; Zhu et al. 2007), followed by formation of
the MCL-zone beneath the MCL and the parenchymal-niche
(Chen et al. 2013). The results demonstrated that, although the

Fig. 4 Localization of EphB3

EphB3

during pituitary development.
Immunohistochemistry for
EphB3 using 95% ethy] alcohol-
fixed cryosections of the pituitary
gland on E11.5 (a), E12.5 (b),
E13.5 (¢), E16.5 (d) and E20.5
(e). Merged images with EphB3
visualized with Cy3 (red) and
nuclear staining by DAPI (blue)
are shown in (a—e). Dotted lines
outline the anterior and
intermediate lobes. All images
were observed using a BZ-8000
epifluorescence microscope. Bars
50 pm
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Fig. 5 Co-localization of ephrin-
B2 and EphB3 in both niches in

ephrin-B2

EphB3

Merge + DAPI

the adult pituitary gland.
Immunohistochemistry for
ephrin-B2 and EphB3 was
performed using 95% ethyl
alcohol-fixed cryosections of the
pituitary gland on P60. Ephrin-B2
visualized with Cy5 (green) (a,
b), EphB3 visualized with Cy3
(red) (a’, b’) and merged images
with nuclear staining by DAPI
(blue) (2", b"") in the MCL (a—a"")
and parenchyma of the anterior
lobe (b—b'’) are shown. The
images in (a—b”) were observed
using a FLUOVIEW FV1000
confocal microscope. AL anterior
lobe; IL intermediate lobe; MCL
marginal cell layer. ¢-d’’ Double-
immunohistochemistry for
phalloidin and SOX2 using 4%
PFA-fixed frozen sections of the

MCL

Parenchyma

pituitary gland on P60. Phalloidin
visualized with Alexa Fluor 488

Phalloidin

(green) (¢, d), SOX2 visualized
with Cy3 (red) and merged
images without (¢’, d’) and with (c
""_ d"") nuclear staining by DAPI
(blue) in the MCL (c—¢'’) and the
parenchyma of the anterior lobe
(d—d"") are shown. Dotted lines
outline the marginal cell layer in
(¢, ¢'"). Arrowheads in (d, d"’)
indicate the parenchymal-niche.
The images in (c—d”) were
observed using a BZ-8000
epifluorescence microscope. AL
anterior lobe; /L intermediate
lobe; MCL marginal cell layer.
Bars 10 um

MCL

Parenchyma

EphB3 signal remained limited to the apical cell membrane of cells
in the MCL-niche, ephrin-B2 signals localized not only to the
apical membrane of MCL cells but also to the basolateral mem-
brane of cells in the MCL-zone (Fig. 6a—a”, arrows). The same
result was observed in the parenchymal-niche of the anterior lobe
(Fig. 6b-b", arrows). Especially, these ephrin-B2 signals localized
in the basolateral membrane of the cells in the multiple cell layers
beneath the MCL were hardly observed in the adult pituitary.

In summary, we demonstrated that EphB3 cis-interacts
with ephrin-B2 in the apical membrane of highly polarized
cells in the stem/progenitor cell niches throughout life.
However, ephrin-B2 is additionally located in the EphB3-
negative basolateral membranes of the MCL-zone and periph-
ery of the parenchymal-niche in the neonatal pituitary gland

Phalloidin/SOX2

(P5), suggesting the ability to form trans-interactions with
other Ephs in neighboring cells. These data prompted us to
search for the Eph interacting in trans with ephrin-B2 and the
cells expressing this Eph around the niches in the immature
pituitary gland (P5).

Localization of EphB2-expressing corticotropes
in the neonatal pituitary gland

To identify the Eph trans-interacting with ephrin-B2 in the
neonatal pituitary niches, we first examined the cell types
adjacent to both niches on P5 by triple-
immunohistochemical staining for SOX2, E-cadherin and
one of several differentiated cell markers (pituitary
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ephrin-B2

EphB3

Merge + DAPI

MCL

Parenchyma

Fig. 6 Localization of ephrin-B2 and EphB3 in both niches of the
neonatal pituitary gland. Immunohistochemistry for ephrin-B2 and
EphB3 was performed using 95% ethyl alcohol-fixed cryosections of
the pituitary gland on P5. Ephrin-B2 visualized with Cy5 (green) (a,
b), EphB3 visualized with Cy3 (red) (a’, b’) and merged images with
nuclear staining by DAPI (blue) (a’’, b"’) in the MCL (a—a'’) and the

hormones and isolectin-B4, which specifically binds to
vascular endothelial cells) and counting the cell numbers
immediately adjacent to each niche in the neonatal pituitary
gland (Fig. 7). In the MCL-zone, GH-positive cells were the
most common cells adjacent to E-cadherin-positive cells
(48.3 £12.6 cells per | mm MCL), followed by ACTH-
positive cells (14.1 £+ 4.6), isolectin-B4-positive cells
(6.9 £2.2), LHB3- and FSHf3-positive cells (6.8 = 2.7) and
PRL-positive cells (5.3 + 3.1) (Fig. 7a—f, g), while TSHf3-
positive cells were rarely found (1.2 £1.2) (Fig. 7d, g). In the
parenchymal-niche of the anterior lobe, cells adjacent to
SOX2- and E-cadherin-double positive cells were most often
GH-positive cells (2.7 = 0.4 cells per parenchymal-niche) or
ACTH-positive cells (2.1 + 0.6), rather than PRL-positive
cells (0.4 + 0.3), TSH-positive cells (0.5 £ 0.19), LHf3-
and FSHf-positive cells (0.2 + 0.1), or isolectin-B4-
positive cells (0.3 +0.1) (Fig. 7a’—f, g'). These results dem-
onstrate that GH- and ACTH-positive cells tend to attach to
both niches on P5. Although none of the candidate Eph part-
ners for ephrin-B2 were detected in GH-producing cells,
EphB2 specifically localized to ACTH-producing
corticotropes (Fig. 2). We therefore performed double-
immunohistochemistry for ephrin-B2 and EphB2 on P5
(Fig. 8). Results demonstrated that EphB2-positive
corticotropes were in contact with ephrin-B2-single positive
stem/progenitor cells beneath the MCL on P5 (Fig. 8,
arrowheads). These data indicate that EphB2 produced by
corticotropes trans-interacts with ephrin-B2.

@ Springer

parenchyma of the anterior lobe (b—b’’) are shown. Arrows indicate
the ephrin-B2 signal in the basolateral membrane of the cells in pituitary
stem/progenitor cell niches. The images in (a—b”’) were observed using a
FLUOVIEW FV1000 confocal microscope. AL anterior lobe; IL
intermediate lobe; MCL marginal cell layer. Bars 10 pm

Discussion

We previously reported that ephrin-B2 exists in SOX2/CAR
double-positive stem/progenitor cells in both the MCL- and
parenchymal-niches in the rat pituitary gland and may play a
role in regulating the maintenance of stem/progenitor cells
and trans-differentiation into committed cells (Yoshida et al.
2015). In this study, we aimed to identify Ephs interacting
with ephrin-B2 and the cells that express these proteins in the
rat pituitary gland. Consequently, we demonstrated that each
candidate interacting partner for ephrin-B2 exhibits cell
type-specific localization and that EphB3 and EphB2 inter-
act with ephrin-B2 in cis and in trans, respectively.
Although Eph localization has been reported in several
tissues such as the intestine, brain, skin and pancreas
(Batlle et al. 2002; Genander et al. 2010; Konstantinova
et al. 2007; Nomura et al. 2010), it has not previously been
investigated in the pituitary gland. In the present study, our
observations demonstrate that each candidate ephrin-B2
interacting partner (EphA4, EphB1, EphB2, EphB3 and
EphB4) is expressed in a cell type-specific manner in the
pituitary gland. First, we confirmed that EphA4 is localized
in nucleated cells of the posterior lobe, where ephrin-B2 is
absent, suggesting that EphA4 in the posterior lobe interacts
with A-class ephrins. In fact, expression of ephrin-AS5, a li-
gand for EphA4, has been reported in the posterior lobe
(Zarbalis and Wurst 2000). In the anterior lobe, which is
composed of five types of endocrine cells as well as non-
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Fig. 7 Identification and quantification of contiguous cells of each niche
in the neonatal pituitary gland. Immunohistochemistry for SOX2, E-
cadherin and differentiated cell markers was performed using 4% PFA-
fixed frozen sections of the pituitary gland on P5. Merged images of
SOX2 visualized with Cy5 (white), E-cadherin visualized with Cy3
(red) and differentiated cell markers (a, a’ ACTH, b, b’ GH, ¢, ¢’ PRL,
d,d’' TSHp, e, ¢’ LHB/FSHf and f, f" isolectin-B4) visualized with FITC
(green) in the MCL-niche (a—f) and the parenchymal-niche (a’—f") of the
anterior lobe are shown. Dotted lines outline the marginal cell layer. All

endocrine cells, EphB1, EphB2, EphB3 and EphB4 were
found specifically in gonadotropes, corticotropes, stem/
progenitor cells and endothelial cells, respectively. Cell
type-specific localizations of Ephs have been reported in
various other tissues. Wang et al. reported that EphB4 is
expressed in endothelial cells in veins but not arteries
(Wang et al. 1998) and mice deficient in EphB4 show early
embryonic lethality with disturbed arterio-venous differen-
tiation (Gerety et al. 1999). In addition, the present data
showed that EphB1 and EphB2 localize at least to the cyto-
plasm. In the pancreatic islets, Konstantinova et al. reported

w A

S

Cell number neighboring upon

SOX2-cluster per a parenchymal-niche
—_ N
P . _ ‘
Cy, I
Gy, I
“%, H

images were observed using a BZ-8000 epifluorescence microscope. AL
anterior lobe; /L intermediate lobe; MCL marginal cell layer. Bars 20 pm.
g, g’ Counts of neighboring cells in both niches on P5. Each bar shows the
number of cells neighboring E-cadherin-positive cells under the MCL
zone (g) and neighboring SOX2/E-cadherin-double positive cells in the
parenchymal-niche of the anterior lobe (g’). Data are presented as the
number of cells per 1 mm (g) and the number of cells per parenchymal-
niche (g'). Data are presented as means + SD for three animals

that EphAS and ephrin-AS5 are mainly localized in the insulin
secretory granules in the cytoplasm and plasma membrane of
[3-cells, respectively and regulate both basal and glucose-
stimulated hormone secretion in mouse and human
(Konstantinova et al. 2007). Taken together, EphBs located
in the cytoplasm may be involved in hormone secretions in
the pituitary gland. In addition, ephrin/Eph signaling is
known to regulate boundary formation during development
of several tissues (Batlle et al. 2002; Mellitzer et al. 1999).
Taken together with our results of cell type-specific localiza-
tion of EphBs in the anterior lobe of the pituitary, ephrin-Bs/
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ephrin-B2

Merge + DAPI

Fig. 8 Localization of ephrin-B2 and EphB2 in the neonatal pituitary.
Double-immunohistochemistry for ephrin-B2 and EphB2 was performed
using 4% PFA-fixed frozen sections of the pituitary gland on P5. Ephrin-
B2 visualized with Cy3 (red) (a), EphB2 visualized with Cy5 (green) (b)
and merged images without (¢) and with (d) nuclear staining by DAPI

EphBs signaling might be involved in the distribution of
respective endocrine cells in the developing pituitary.

Next, we identified EphB2 and EphB3 as potential
interacting partners for ephrin-B2 in the pituitary gland.
EphB3 co-localizes with ephrin-B2 in the apical membrane
of stem/progenitor cells in both pituitary niches, indicating
that they form a cis-interaction to generate parallel or anti-
parallel signaling (Kania and Klein 2016). In contrast, in the
neonatal pituitary gland, EphB2-producing corticotropes are
in contact with ephrin-B2-positive stem/progenitor cells in the
MCL-zone, suggesting that they form a #rans-interaction to
create bi-directional signaling. In the adult pituitary gland,
Andoniadou et al. performed Sox2-lineage tracing analysis
and found that most SOX2-positive cells are in a quiescent
state in both niches under normal physiological conditions
(Andoniadou et al. 2013). In contrast, SOX2-positive cells in
the neonatal pituitary gland have a greater potential to prolif-
erate and differentiate than those in the adult pituitary gland
(Davis et al. 2010; Gremeaux et al. 2012; Vankelecom and
Chen 2014; Ward et al. 2006; Zhu et al. 2007). Moreover,
immunohistochemical observations suggest that stem/
progenitor cells migrate from the MCL and form the MCL-
zone during the postnatal pituitary growth wave (Chen et al.
2013; Gremeaux et al. 2012). The present study did not inves-
tigate the function of ephrin-B2 and EphB2-mediated reverse
and forward signaling in stem/progenitor cells and
corticotropes. However, there are reports that trans-
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(blue) are shown. The boxed areas in (a'-d’) are enlarged in (a""—d"").
Arrowheads indicate basolateral ephrin-B2 signal in cells neighboring
EphB2-positive cells. Dotted lines outline the marginal cell layer in the
anterior lobe. All images were observed using a BZ-8000 epifluorescence
microscope. Bars 20 pm

interactions between ephrin-B2 and EphB proteins promote
cell repulsion and migration in several cell lines, including
gliomas (Nakada et al. 2010), melanomas (Meyer et al.
2005) and intestinal epithelia (Hafner et al. 2005). Taken to-
gether, these findings suggest that activation of ephrin-B2 sig-
naling in pituitary stem/progenitor cells may be involved in
the acceleration of cell migration from niches in the early
postnatal period, though this hypothesis remains to be tested.

Another point to note is that EphB3 exists ubiquitously in
the apical cell membranes of both pituitary niches throughout
life. Several membrane proteins, such as E-cadherin (Fauquier
et al. 2008), GFRa2 (Garcia-Lavandeira et al. 2009), CAR
(Chen et al. 2013) and ephrin-B2 (Yoshida et al. 2015) are
also known to localize to the pituitary niches. Among these,
only EphB3 shows specific and ubiquitous localization in the
apical cell membranes of both pituitary niches. It has been
demonstrated that apical constriction in the neural tube closure
and gastrulation are important for embryonic development
(Martin and Goldstein 2014; Sawyer et al. 2010). In the adult
neural stem cell niche, apically polarized cell populations are
observed as rosette structures in the brain (Harding et al. 2014;
Mirzadeh et al. 2008) and such apical polarizations are re-
quired for asymmetric division of neural stem cells (Kosodo
et al. 2004). Interestingly, a complex consisting of Eph and
FAK (focal adhesion kinase) is necessary for cytoskeletal or-
ganization and apical constriction in Strongylocentrotus
purpuratus (Krupke and Burke 2014) and EphB3 and
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EphB2 regulate the development of apical constriction in the
mouse pancreas (Villasenor et al. 2010). In addition to
interacting with ephrin-B proteins, EphB3 contains a PSD-
95, Dlg, ZO-1 (PDZ)-binding domain and is therefore able
to interact with proteins containing PDZ domains, such as
the tight junction-associated protein AF6 (Buchert et al.
1999). Thus, the apical localization of EphB3 in the pituitary
gland may be involved in polarization and maintenance of the
architecture of pituitary niches.

In summary, we demonstrated that the juxtacrine factor
ephrin-B2, which is expressed in pituitary stem/progenitor
cells, has two interacting partners; EphB3 inside pituitary
niches and EphB2 outside of these niches. In particular, the
cis-interaction with EphB3 in the pituitary stem/progenitor
cell niches is a novel mechanism for regulating pituitary stem
cell niches and may be involved in sustaining the architecture
of these niches.
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