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Abstract Chemokines are mostly small secreted poly-
peptides whose signals are mediated by seven trans-
membrane G-protein-coupled receptors. Their functions
include the control of leukocytes and the intercellular
mediation of cell migration, proliferation, and adhesion
in several tissues. We have previously revealed that the
CXC chemokine ligand 12 (CXCL12) and its receptor 4
(CXCR4) are expressed in the anterior pituitary gland,
and that the CXCL12/CXCR4 axis evokes the migration

and interconnection of S100β-protein-positive cells
(S100β-positive cells), which do not produce classical
anterior pituitary hormones. However, little is known of
the cells producing the other CXCLs and CXCRs or of
their characteristics in the anterior pituitary. We there-
fore examined whether CXCLs and CXCRs occurred in
the rat anterior pituitary lobe. We used reverse transcrip-
tion plus the polymerase chain reaction to analyze the
expression of Cxcl and Cxcr and identified the cells that
expressed Cxcl by in situ hybridization. Transcripts of
Cxcl10 and its receptor (Cxcr3 and toll-like receptor 4,
Tlr4) were clearly detected: cells expressing Cxcl10 and
Tlr4 were identified amongst S100β-positive cells and
those expressing Cxcr3 amongst adrenocorticotropic hor-
mone (ACTH)-producing cells. We also investigated
Cxcl10 expression in subpopulations of S100β-positive
cells. We separated cultured S100β-positive cells into
the round-type (dendritic-cell-like) and process-type (as-
trocyte- or epithelial-cell-like) by their adherent activity
to laminin, a component of the extracellular matrix;
CXCL10 was expressed only in round-type S100β-
positive cells. Thus, CXCL10 produced by a subpopu-
lation of S100β-positive cells probably exerts an
autocrine/paracrine effect on S100β-positive cells and
ACTH-producing cells in the anterior lobe.
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Introduction

Chemokines are a superfamily of small cytokines (7–16 kDa)
that were originally characterized by their ability to regulate
the motility of leukocytes (Baggiolini 1998) and play their
roles through the activation of specific G-protein-coupled
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receptors (Rajagopal et al. 2010). Over 50 chemokines
have been found; they have been divided into four
subgroups (CC, CXC, CX3C, and C) depending on
the position and the number of the conserved cysteine
residues in the N-terminus of these proteins (Zlotnik
and Yoshie 2000). The CXC group has one amino acid
(X) between the first two cysteins (C) and includes 21
members (CXCL1-21) that bind at least seven receptors
(CXCR1-7; Barbieri et al. 2008; Singh et al. 2013).
They have the ability to promote the trafficking of
various leukocytes and to regulate angiogenesis, vascu-
lar remodeling, tumor cell migration, and organ-specific
metastasis (Mackay 2001; Strieter et al. 2006; Colobran
et al. 2007).

Recently, the expression of CXC chemokines and
their receptors has been reported in several tissues in
addition to the immune system, such as the nervous and
endocrine systems (Bajetto et al. 2001; Christopherson
and Hromas 2001). In the anterior pituitary gland, Lee
et al. (2008) have shown that growth hormone (GH)-
producing cells express CXCR4, a CXCL12 receptor,
and that the CXCL12/CXCR4 interaction has important
roles in the synthesis and release of GH. We have also
revealed that CXCL12 and CXCR4 are expressed in
S100β-protein-positive cells (non-endocrine cells) of
the anterior lobe, and that the CXCL12/CXCR4 axis
between their cells has important functions in the direc-
tional extension of cytoplasmic processes and their in-
terconnections (Horiguchi et al. 2012). However, little is
known of chemokines and their receptor expression
other than CXCL12/CXCR4. We have thus investigated
uncharacterized chemokines and their receptors in the
anterior lobe of the pituitary gland.

The anterior pituitary (adenohypophysis) consists of the
anterior and the intermediate lobes. The anterior lobe is com-
posed of five types of hormone-producing cells, S100β-
protein-positive cells (S100β-positive cells), and fenestrated
sinusoids (i.e., endothelial cells and pericytes). The analysis of
chemokines and their receptor expression in the anterior lobe
has led us to clarify the cell-to-cell interaction and the regula-
tion of hormone production. In the present study, we have
examined whether CXC chemokines are present in the
rat anterior lobe by analyzing the expression of Cxcrs
and their ligand Cxcls and its histology by in situ
hybridization and immunohistochemistry. In addition to
cytokines and their previously identified receptors
(Cxcr3 and toll-like receptor 4, Tlr4; Schulthess et al.
2009), we have newly found that Cxcl10 and its recep-
tor (Cxcr3 and Tlr4) are expressed in the round-type
cells, a subpopulation of S100β-positive cells, and ad-
renocorticotropic hormone (ACTH)-producing cells, re-
spectively, indicating autocrine/paracrine communication
between non-endocrine cells and hormone-producing

cells through the interaction of CXCL10/TLR4 and
CXCL10/CXCR3.

Materials and methods

Animals

The S100β-green fluorescent protein (GFP) transgenic
Wistar-crlj strain (S100β-GFP) of rat was generated by inte-
grating the reporter gene GFP driven by a rat S100β promoter
(Itakura et al. 2007). Adult Wistar rats were purchased from
Japan SLC (Shizuoka, Japan). Eight- to 10-week-old male rats
weighing 250–300 g were given ad libitum access to food and
water and housed under conditions of 12 h light and 12 h
darkness. The rats were killed by exsanguination from the
right atrium under deep sodium pentobarbital anesthesia.
The present study was approved by the Institutional Animal
Care and Use Committee, Meiji University and by Jichi
Medical University, based on NIH Guidelines for the Care
and Use of Laboratory Animals.

Analysis of transcripts of chemokines and their receptor genes
by reverse transcription plus the polymerase chain reaction

Total RNA fractions were prepared with Trizol reagent
(Life Technologies, Palo Alto, Calif., USA) from ante-
rior pituitary glands of S100β-GFP male rats, the GFP-
positive and -negative cell fraction of S100β-GFP male
rats, and cultured cells. They were incubated with
RNase-free DNase I (1 U/tube; Promega, Madison,
Wis., USA). cDNAs were synthesized by a Superscript
III reverse transcription kit with oligo-(dT)20 primer
(Life Technologies). For the polymerase chain reaction
(PCR), 1 μl of the reverse transcription (RT) reaction
product was added to 9 μl PCR buffer containing 1 μl
dNTPs (2 mM), 0.1 μl KOD Dash DNA polymerase
(2.5U/μl; TOYOBO, Osaka, Japan), and 0.1 μl of each
oligonucleotide primer (10 μM) listed in Table 1. Sam-
ples were subjected to 2 min at 94 °C, 30 cycles of
30 s at 94 °C, 2 s at 58 °C, 30 s at 74 °C, and then an
additional 7 min at 72 °C in a PTC-200 (MJ Research,
Waltham, Mass., USA). The amplified products were
analyzed on 1.5 % agarose gels and visualized by
ethidium bromide staining. Negative controls were sub-
jected to RT-PCR but with no reverse transcriptase,
cDNA, or KOD Dash DNA polymerase and showed
no reaction bands.

In situ hybridization and immunohistochemistry

Rats were perfused through the left ventricle with 4 %
formaldehyde in 0.05 M phosphate buffer (pH 7.4) for
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5 min under deep sodium pentobarbital anesthesia. Pi-
tuitary glands were then excised and immersed in the
same fixative for 24 h at 4 °C, after which the tissues
were immersed for at least 2 days in phosphate buffer
containing 30 % sucrose at 4 °C. A cryostat was used
to obtain frozen sections (8 μm), which were then
mounted on glass slides. In situ hybridization was per-
formed with digoxigenin (DIG)-labeled cRNA probes,
as described in our previous report (Fujiwara et al.
2007a). The DNA fragments were amplified from rat
pituitary cDNA by using PCR. Primer sequences for
Cxcr3, Cxcl10, and Tlr4 are detailed in Table 1. Am-
plified cDNA fragments were ligated into the pGEM-T
vector (Promega) and cloned. Gene-specific antisense or
sense DIG-labeled cRNA probes were made by means
of the Roche DIG RNA labeling kit (Roche Diagnostics,
Penzberg, Germany). DIG-labeled cRNA probe hybridi-
zation was performed at 55 °C for 16 h. Visualization
of each type of mRNA was performed with alkaline-
phosphatase-conjugated anti-DIG antibody (Roche Diag-
nostics) by using 4-nitroblue tetrazolium chloride (NBT)
and 5-bromo-4-chloro-3-indolyl phosphate (BCIP; Roche

Diagnostics). For double-staining, after Cxcl10, Cxcr3
and Tlr4 mRNAs had been detected by in situ hybrid-
ization, the sections were immunostained, as described
in our previous report (Fujiwara et al. 2007b). Primary
antibodies against the following proteins were used for
immunostaining: ACTH, GH, prolactin, thyroid-
stimulating hormone β-subunit (TSHβ), luteinizing hor-
mone β-subunit (LHβ), and S-100 protein, as reported
previously (Yoshida et al. 2011). Absence of an observ-
able nonspecific reaction was confirmed by using nor-
mal rabbit serum. After being washed with phosphate-
buffered saline (PBS), sections were incubated in PBS
with biotinylated anti-rabbit IgG (Vector Laboratories,
Burlingame, Calif., USA) for 30 min at 30 °C. The
ABC method (Vector Laboratories) was performed with
3,3’-diaminobenzidine (Dojindo Laboratories, Kumamo-
to, Japan) as the substrate.

Isolation of a subpopulation of S100β-positive cells

Anterior pituitary cells of male S100β-GFP rats were
dispersed as described previously (Horiguchi et al.

Table 1 List of primers used for
the polymerase chain reaction in
the analysis of CXC chemokine
ligands (Cxcl) and their receptors
(Cxcr and toll-like receptor 4
[Tlr4]) in rat anterior pituitary
gland (Gadph D-glyceraldehyde-
3-phosphate dehydrogenase as a
control)

Genes Primer sequence (5′-3′) Product size Genbank accession number

Cxcr1 Forward: CCTGGGGTCTATCCTTGGTT 406 NM_019310

Reverse: AAGCCCAGGATCTCGGTAAT

Cxcr2 Forward: TCTGTTCTTTGCCCTGACCT 415 NM_017183

Reverse: CCCATAGCAGAACAGCATGA

Cxcr3 Forward: GTTTTCGGCTCTGGTCTCTG 565 NM_053415

Reverse: TGCCTGAGGTGACTGACTTG

Cxcr4 Forward: GCCATGGCTGACTGGTACTT 484 NM_022205

Reverse: TCCCCACGTAATACGGTAGC

Cxcr5 Forward: GCCCTGCACAAGATCAATTT 438 NM_053303

Reverse: CCAGCAGAGAAGGAAGATGC

Cxcr6 Forward: GACAGACGTGTTCCTGCTGA 556 NM_001102587

Reverse: GGCAATGTTGAAGGGTGTCT

Cxcr7 Forward: GGTCAGTCTCGTGCAGCATA 495 NM_053352

Reverse: AGCCAACACACCAGGAAGAC

Cxcrl9 Forward: CATTCTCAGCCTTGACTCCA 452 NM_145672

Reverse: GCGCTTGTTGGTAAAGTGGT

Cxcrl10 Forward: TGTCCGCATGTTGAGATCAT 544 NM_139089

Reverse: ATTTGCCATCTCACCTGGAC

Cxcrl11 Forward: CGAGTAACGGCTGTGACAAA 464 NM_182952

Reverse: TCGTGTTATTTGGGGAAAGG

Cxcrl12 Forward: GCTCTGCATCAGTGACGGTA 608 NM_022177

Reverse: GCTCTGGTGGAAGGTTGCTA

Tlr4 Forward: TCAGTGTGGTTGTGGTAGCC 549 NM_019178

Reverse: TCAAGGCTTTTCCATCCAAC

Gadph Forward: CCATCACCATCTTCCAGGAG 457 M_17701

Reverse: TTCAGCTCTGGGATGACCTT
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2010). The dispersed cells were separated into GFP-
positive and -negative cells by a cell sorter (MoFlo
XDP; Beckman Coulter, Fullerton, Calif, USA). GFP-
positive cells were plated, in 400 μl Medium 199 with
Earle’s salts (Life Technologies), supplemented with 10
% fetal bovine serum (Sigma-Aldrich, St. Louis, Mo.,
USA), 0.5 U/ml penicillin, and 0.5 μg/ml streptomycin
(Life Technologies), onto 8-well glass chamber slides
(1 cm2/well; Nalge Nunc International Rochester, N.Y.,
USA), which had been coated with laminin substrate
(10 μg/cm2 laminin; Millipore, Bedford, Mass., USA).
The GFP-positive cells were cultured for 24 h at which
time the majority of GFP-positive cells showed flattened
and markedly extended cytoplasmic processes (process-
type), although a small number of GFP-positive cells
retained their rounded shape (round-type). The round-
type cells were removed from the dish with gentle
pipetting and collected by centrifugation from the re-
trieved medium followed by cultivation again for 24 h
in 400 μl medium on laminin-coated 8-well glass. Fresh
medium (400 μl) was added to the remaining adhering
cells. The round-type cells were then cultured for a total
of 48 h at 37 °C in a humidified atmosphere of 5 %
CO2 and 95 % air.

Immunoblot analysis

GFP-positive and negative cells, which had been separated by
a cell sorter, and primary cultured cells were washed in PBS
and lysed in RIPA buffer (20 mMTRIS, 150 mMNaCl, 2 mM
EDTA, 0.1 % v/v SDS, 1% v/v Triton X-100, pH 7.5), and the
amount of total protein was estimated by using a bicinchoninic
acid (BCA) protein assay kit (Pierce, Rockford, Ill., USA)
according to the manufacturer’s instructions. The protein
(20 μg) from each sample was separated by 12 % SDS-
polyacrylamide gel electrophoresis and then transferred elec-
trophoretically to Immobilon-P transfer membrane (Millipore,
Bedford, Mass., USA). The membrane was blocked with 5 %
(w/v) nonfat dried milk in TBST (50 mM TRIS, 100 mM
NaCl, 0.1 % v/v Tween 20, pH 7.4) for 1 h. After being
washed with TBST, the membrane was incubated overnight
with rabbit polyclonal CXCL10 (1:10,000; Biorbyt, Cam-
bridge, UK), rabbit CXCL12 alpha (1:10,000; eBioscience,
San Diego, Calif., USA), mouse monoclonal TLR4
(0.01 μg/ml; Abcam, Cambridge, Mass., USA), or mouse
monoclonal β-actin (0.1 μg/ml; BioVision, Mountain View,
Calif., USA) antibodies diluted in Can Get Signal Solution
(TOYOBO), followed by washes with TBST, and incubated
for 1 h with horseradish peroxidase (HRP)-labeled secondary
antibodies (Envision+System-HRP, anti-rabbit and anti-mouse,
Dako, Glostrup, Denmark). After being washed again with
TBST, specific immunoreactivity was visualized by using a
Chemiluminescence ECL Plus System (GE Healthcare,

Mississauga, Ont, Canada) with lumi-shot film (Fujifilm, To-
kyo, Japan). Each analysis was performed in triplicate.

Immunocytochemistry

Cultured cells fixed with 4 % paraformaldehyde in
25 mM phosphate buffer for 20 min at room tempera-
ture were first immersed in PBS containing 2 % normal
goat serum for 20 min at 30 °C and then incubated
overnight with anti-rat CXCL10 (1:200; Biorbyt) at
room temperature. After being washed with PBS, cells
were incubated with Alexa-Fluor-568-conjugated goat
anti-rabbit IgG diluted to 1:200 in PBS. The absence
of an observable nonspecific reaction was confirmed by
using normal rabbit serum. Cells were scanned via a
confocal laser microscope (FV500; Olympus, Tokyo,
Japan).

Results

Expression of Cxcrs and Cxcls in anterior pituitary gland

To narrow Cxcls candidates expressing in the anterior lobe of
the rat pituitary gland, we first examined the expression of
Cxcrs by RT-PCR and confirmed that transcripts of Cxcr3, 4
and 7, but not Cxcr1, 2, 5, and 6, were present in the anterior
pituitary (Fig. 1a). We then analyzed the expression of Cxcr3
ligands (Cxcl9, 10, and 11), Cxcr 4 (Cxcl11 and 12), and
Cxcr7 (Cxcl12) ligands. We found Cxcl10 and Cxcl12 to be
cytokines expressed in the anterior lobe (Fig. 1b). Thus,
CXCL10 and its receptor CXCR3 have the potential to act
in the anterior lobe, in addition to CXCL12 whose actions
have been investigated previously (Horiguchi et al. 2012).

Localization of Cxcl10 and its receptor in anterior lobe

Cxcl10 mRNA was detected in the anterior lobe by in situ
hybridization with a DIG-labeled antisense cRNA probe
(Fig. 2a, c); no specific signals were observed when sections
were hybridized with DIG-labeled sense cRNA probes
(Fig. 2b). With regard to the histological features of Cxcl10-
expressing cells in the rat anterior lobe, only a few were
located in the marginal layer of the anterior lobe facing the
residual lumen of Rathke’s pouch (Fig. 2d). To identify the
cells that expressed Cxcl10, we performed double-staining by
in situ hybridization to detect Cxcl10mRNA and immunohis-
tochemistry to detect anterior pituitary hormone and S100
protein. Cxcl10 mRNA was detected in S100-protein-
positive cells (Fig. 2d). A cell sorter was used to isolate
S100β-positive cells from male S100β-GFP rat anterior pitu-
itary for RT-PCR and Western blotting as described in our
previous reports (Horiguchi et al. 2010, 2012). CXCL10 was
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detected in GFP-positive cells, which are S100β-positive cells
in the anterior pituitary gland (Fig. 2e, f). However, GFP-
negative cells, which include hormone-producing cells,
pericytes, and endothelial cells, did not express Cxcl10 and
its protein (Fig. 2e, f).

CXCL10 also has at least two receptors, CXCR3 and
TLR4 (Schulthess et al. 2009). We examined their gene ex-
pression in GFP-positive and -negative cells by RT-PCR.
Interestingly, Cxcr3 was expressed in GFP-negative cells,
but Tlr4 occurred in GFP-positive cells (Fig. 3a). Using in
situ hybridization and immunohistochemistry, we observed
that Cxcr3 mRNA was located in ACTH-producing cells
(Fig. 3b, d), whereas Tlr4 was present in S100β-positive cells
(Fig. 3e, g). Under the same conditions, a specific signal was
not detected in sections hybridized with the DIG-labeled sense
cRNA probe of Cxcr3 or Tlr4 (Fig. 3c, f).

Localization of CXCL10 in subpopulation of S100β-positive
cells

We recently demonstrated that, with reference to the
adhesiveness to the culture dish with gentle pipetting,
pure GFP-positive cells in primary culture can be

Fig. 1 Expression of CXC chemokine receptors (Cxcr) and their ligands
(Cxcl) in the anterior lobe of the pituitary gland. Expression of Cxcrs (a)
and Cxcls (b) mRNA in the anterior lobe of adult rats, as determined by
reverse transcription plus the polymerase chain reaction (RT-PCR;Gadph
D-glyceraldehyde-3-phosphate dehydrogenase as a control)

Fig. 2 Localization of CXCL10
in the pituitary gland. a In situ
hybridization for Cxcl10 detected
by antisense probe. Cxcl10
mRNAwas detected in the
anterior lobe (AL). b In situ
hybridization for Cxcl10 with
sense probe was negative (IL
intermediate lobe, PL posterior
lobe). c High-magnification
image of AL (from a). d
Characterization of Cxcl10-
expressing cells in the anterior
lobe. mRNA and protein are
shown in blue (NBT/BCIP) and
brown (3,3’-diaminobenzidine),
respectively. In situ hybridization
for Cxcl10 and
immunohistochemistry for S100
protein was performed. Cxcl10
mRNAwas expressed in S100-
protein-positive cells (arrow).
Bar 10 μm. e Expression of
Cxcl10 (top) in the GFP-negative
cell fraction (GFP-) and the GFP-
positive cell fraction (GFP+) was
analyzed by RT-PCR with Gapdh
(bottom) as a control. Cxcl10 was
expressed in GFP+. f CXCL10
protein in the GFP-negative cell
fraction (GFP-) and the GFP-
positive cell fraction (GFP+) was
determined by Western blotting.
Top CXCL10. Bottom β-Actin as
a control
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separated into two types, a process-type (adhesive,
Fig. 4a) and a round-type (less-adhesive, Fig. 4b;
Horiguchi et al. 2013). The morphology of the round-
type was unaltered on the laminin-coated surface after
24 h cultivation (data not shown), indicating that the
separation of S100β-positive cells with reference to
their adhesiveness is an easy and effective method for
analyzing these subpopulations. We examined whether
CXCL10 showed a difference in abundance in each of
the subpopulations of S100β-positive cells. To estimate
the transcripts and translation products of Cxcl10 in the
isolated round- and process-types of S100β-positive
cells, we performed RT-PCR and Western blotting.
CXCL10 and TLR4 were detected in the round-type
(Fig. 4c, d) and CXCL12 in the process-type (Fig. 4c,
d). Immunocytochemistry for CXCL10 carried out on
the two separate cell types revealed the absence of
CXCL10 in the process-type (Fig. 5a–d), but its pres-
ence in the round-type (Fig. 5e–h).

Discussion

In this study, we have found that CXCL10, which is
one of the CXC chemokine family members, is
expressed in a subpopulation of S100β-positive cells
in the rat anterior pituitary lobe. We have also

demonstrated that CXCR3 and TLR4 as the CXCL10
receptor are expressed in ACTH-producing cells and
S100β-positive cells, respectively, showing the possibil-
ity of chemokine-mediated cell-cell communication be-
tween S100β-positive cells and ACTH-producing cells.

The CXC chemokines promote the trafficking of var-
ious leukocytes and contribute to the homing of hema-
topoietic progenitors and B lymphocyte development
(Mackay 2001; Strieter et al. 2006; Colobran et al.
2007). The effects of these chemokines are mediated
through seven trans-membrane domain G-protein-
coupled receptors, known as the seven CXC receptors
(CXCR1-7; Singh et al. 2013). We have previously
reported that Cxcr4 and Cxcl12 are expressed in
S100β-positive cells (Horiguchi et al. 2012). The recent
production of transgenic rats (S100β-GFP rats) that
express GFP specifically in S100β-positive cells in the
anterior lobe (Itakura et al. 2007) provides a powerful
tool for characterizing S100β-positive cells with more
than 95 % purity by cell sorter (Horiguchi et al. 2010,
2012). In the present study, we have further successive-
ly demonstrated that S100β-positive cells express
Cxcl10 not only by histological methods, but also bio-
chemical and molecular biological methods, by using
this transgenic rat.

CXCL10, also known as interferon-γ (IFN-γ) induc-
ible protein 10 kDa (IP-10), is secreted from a variety

Fig. 3 Identification of Cxcl10
receptor expression in anterior lobe.
Expression of Cxcr3 and Tlr4
mRNA in the GFP-negative cell
fraction (GFP-) and the GFP-
positive cell fraction (GFP+) was
analyzed by RT-PCR (a) with
Gapdh as a control. Cxcr3 was
expressed in GFP-, but Tlr4 was
found in GFP+. In situ
hybridization for Cxcr3 (b,
antisense probe; c, sense probe) and
Tlr4 (e, antisense probe; f, sense
probe); Cxcr3 and Tlr4 mRNA
were detected in the anterior lobe.
Double-staining by in situ
hybridization (blue with NBT/
BCIP) for Cxcr3 (d) and Tlr4 (g)
and by immunohistochemistry
(brown with 3,3’-
diaminobenzidine) for ACTH (d)
and S100 protein (g); Cxcr3 and
Tlr4mRNAs localized in ACTH-
producing cells and S100-protein-
positive cells, respectively (d, g,
arrows). Bars 10 μm
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of cell types, such as leukocytes, monocytes, endothe-
lial cells, stromal cells, and keratinocytes in response
to IFN-γ (Lo et al. 2010). It recruits Th1 lymphocytes
to the area of inflammation, and its expression is
associated with Th1 immune responses (Bonecchi
et al. 1998; Khan et al. 2000). In addition, Vankelecom
et al. (1992) have demonstrated that IFN-γ inhibits the
release of ACTH, GH, and prolactin in the rat anterior
lobe; they have also showed that S100β-positive cells
mediate this inhibitory effect but have not clarified the
mechanism of the INF-γ-dependent inhibition of the
hormone secretion. Accordingly, the present study
leads us to suggest that the down-regulation of ACTH
secretion by IFN-γ might be transduced by the
CXCL10/CXCR3 axis. In addition to the action of
CXCL10 on the ACTH cells, it might also act on the
S100β-positive cells, since another type of CXCL10
receptor (Tlr4) is expressed in the same cells. As

CXCL10 is known to elicit monocytes, T cells, and
NK (natural killer) cells, it might attract adjacent
S100β-positive cells in the anterior lobe the same
way as observed for CXCL12 (Horiguchi et al.
2012). Although further study is necessary to deter-
mine the function of CXCL10 in the anterior lobe,
our data suggest that CXCL10 is secreted in an auto-
crine and/or paracrine fashion in the anterior lobe and
modulates the biological function of hormone-
producing cells and S100β-positive cells.

S100β-positive cells were first found in brain (Moore
1965) and thereafter in several tissues. They have a star-
like appearance and are interconnected by cytoplasmic
processes and encircle hormone-producing cells or ag-
gregate homophilically to form a central lumen in the
anterior pituitary (Soji and Herbert 1989). Based on
these histological features, S100β-positive cells in the
anterior lobe are usually referred to as folliculo-stellate

Fig. 4 Expression of CXCL10 and CXCL12 in primary cultures of
S100β-positive cell subpopulations. Pure GFP-positive cells in primary
culture can be separated into two types, a process-type and a round-type
(Horiguchi et al. 2013). a, b GFP images of cells on laminin-coated
surface (green, S100β-positive cells). a Incubation for 24 h in primary
culture of S100β-positive cells and further incubation for 2 h after
removal of round-type S100β-positive cells by pipetting, leaving the
process-type (Process). b Incubation of the round-type S100β-positive

cells (Round) for 2 h. Bars 100 μm c Expression of Cxcl10, Cxcl12, and
Tlr4 in the process-type (Process) and round-type (Round) of S100β-
positive cells was analyzed by RT-PCR. Cxcl10 and Tlr4 were expressed
in the round-type, whereas Cxcl12 was detected in the process-type. d
CXCL10, CXCL12, and TLR4 proteins in the process-type (Process) and
round-type (Round) were detected by Western blotting. Top panel
CXCL10, second panel CXCL12, third panel TLR4, bottom panel β-
actin as a control
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cells (Vila-Porcile 1972). However, some S100β-
positive cells have subsequently been suggested to act
as stem cells, phagocytes, or to regulate hormone re-
lease (Inoue et al. 1999; Allaerts and Vankelecom
2005). In addition, the gap junctions between S100β-
positive cells form an intercellular channel that facili-
tates the transmission of ions and small molecules be-
tween adjacent cells and that allows direct cell-to-cell
communication within the anterior lobe (Fauquier et al. 2001).
The origin of S100β-positive cells has often been discussed
with respect to the morphological and physiological relevance
of their functionally heterogeneous subpopulations. This het-
erogeneity was assumed following the observation of different
markers in three subpopulations. A proportion of S100β-
positive cells was found to express glial fibrillary acidic pro-
tein (GFAP) or/and vimentin (astrocyte-like), and another
proportion contained keratin (epithelial cell-like) or
interleukin-6 (dendritic-cell-like; Höfler et al. 1984;
Tachibana and Yamashima 1988; Allaerts et al. 1996). In a
previous study, we have observed the behavior of S100β-
positive cells in primary culture and demonstrated that they
are separated into two types by morphological changes under
the influence of the extracellular matrix, and that the process-
type expresses GFAP and vimentin, whereas the round-type
expresses interleukin-6 (Horiguchi et al. 2013). As is well
known, Cxcl10 and Tlr4 are expressed in dendritic cells
(Visintin et al. 2001; Fujita et al. 2005). These findings con-
firm that the process-type is composed of astrocyte- or
epithelial-like cells, whereas the round-type is composed of

dendritic-like cells. In addition, only a few of the round-type
are located in the marginal cell layer of the anterior lobe
(Fig. 2d). The marginal cell layer faces the residual lumen
with the interstitial fluid between the anterior and posterior
lobes. We suggest that the dendritic-like S100β-positive cells
sense inflammation signals through a receptor such as TLR4.

In conclusion, we have found that CXCL10 and its receptor
CXCR3 are expressed in the dendritic-like S100β-positive
cells and ACTH-producing cells, a finding that suggests that
CXCL10 affects the function of ACTH-producing cells as a
paracrine factor. We intend, in future studies, to identify the
function of CXCL10 and the mechanism of its expression.
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