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Abstract S100B-positive cells exist in the marginal cell
layer (MCL) of the adenohypophysis and follicle structure in
the parenchyma of anterior lobe (ALFS) in pituitary. They
have multiple functions as phagocytes or cells that regulate
hormone secretion. Majority of S100B-positive cells in the
adenohypophysis express sex determining region Y-box 2
protein (SOX2), a stem cell marker; therefore, ST00/SOX2
double positive cells are also considered as one type of stem/
progenitor cells. MCL and ALFS are consisting of mor-
phologically two types of cells, i.e., multiciliated cells and
non-ciliated cells. However, the relationship between the
S100B-positive cells and multiciliated cells in the pituitary is
largely unknown. In the present study, we first immunohis-
tochemically verified the feature of multiciliated cells in
MCL and ALFS. We then examined the expression patterns
of FOXJI, an essential expression factor for multiciliated
cell-differentiation, and SOX2 in the S100f-positive multi-
ciliated cells by in situ hybridization and immunohisto-
chemistry. We identified anew the S100B/SOX2/FOXIJ1
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triple positive multiciliated cells, and revealed that they were
dispersed throughout the MCL and ALFS. These results
indicate that the MCL and ALFS are consisting of morpho-
logically and functionally distinct two types of cells, i.e.,
S100B/SOX?2 double positive non-ciliated cells and S100p/
SOX2/FOXIJ1 triple positive multiciliated cells.
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Introduction

The pituitary, one of the central endocrine organs regu-
lating the universal endocrine system in the vertebrates, is
composed of adenohypophysis consisting of an anterior
lobe (AL) and intermediate lobe (IL), and neurohypophysis
comprising the posterior lobe (PL). AL consists of five
types of endocrine cells (corticotrophs, thyrotrophs, gona-
dotrophs, mammotrophs, and somatotrophs), S100B-posi-
tive cells, and endothelial cells of the fenestrated sinusoids.
S100B is a low molecular weight calcium-binding protein
and S100B-positive cells lack the secretory granules for
endocrine function. S100B-positive cells in the rat and
mouse pituitaries are observed in not only the AL but also
the marginal cell layer (MCL), which is a single-cell layer
around Rathke’s cleft [1, 2]. Majority of S100B-positive
cells in the MCL and AL express sex-determining region
Y-box 2 protein (SOX2), a transcription factor essential for
cell-potency of stem cells, and function as one type of
stem/progenitor cells in the pituitary [3, 4]. These cells play
multiple functions, e.g., as phagocytes and cells regulating
hormone secretion in the AL [5]; therefore, it is considered
that S100B-positive cells comprise functionally heteroge-
neous subpopulations [6-8].
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Motile cilia extend from the basal bodies of multicili-
ated cells and afford motility for the circulation of cere-
brospinal fluid in the brain, protective mucus clearance in
the airway, and ovum transport in the oviduct tubes [9].
They are also known to contain various receptors (for
hormones, cytokines, etc.) and channels (for water, Ca2+,
etc.); therefore, motile cilia function not only in cell
motility but also as mechano- and chemo-sensors [10].
Previous reports have shown that multiciliated cells are
located in the MCL and follicle structure in the par-
enchyma of AL (ALFS) in the pituitary [11-14]. Motile
cilia in these cells are elongated toward the lumen of
Rathke’s cleft or the follicle structure composed of S100p-
positive cells. However, the relationship between the
multiciliated cells and S100B-positive cells is largely
unknown.

Forkhead box (FOX) proteins are a family of tran-
scription factors that play important roles in the regulation
of expression of genes involved in developmental events,
such as cell proliferation, differentiation, glucose home-
ostasis, cancer, and longevity [15, 16]. FOXJ1, also known
as hepatocyte nuclear factor-3/forkhead homologue-4, is
expressed mainly in multiciliated cells of various epithelial
tissues, such as the trachea and oviduct [17-21]. Deletion
and mutation of Foxjl results in motile cilia defects in
mice, Xenopus, and zebrafish [22-26]; thus, it is thought
that FOXJ1 is evolutionally conserved in vertebrates and is
essential for motile cilia formation.

In the present study, we first immunohistochemically
verified the existence of S100B-positive multiciliated
cells in the MCL and AL. We also examined the

expression patterns of FOXJ1 and SOX2 in S100f-pos-
itive multiciliated cells by in situ hybridization and
immunohistochemistry.

Materials and methods
Animals

Male Wistar rats (10 weeks old) were purchased from
Japan SLC, Inc. (Shizuoka, Japan). All animals were
maintained in a temperature-controlled room (22 + 2 °C)
with automatically controlled lighting (light ON between
0600 and 1800 h, daily) and were supplied with food and
water ad libitum. All animal experiments were conducted
in compliance with the Guide for Care and Use of Labo-
ratory Animals established by Teikyo University.

Immunohistochemistry

Immunohistochemistry was performed as previously
described [27, 28]. Briefly, rats were perfused through the
heart with 4 % paraformaldehyde in 0.1 M phosphate buffer
(pH 7.4). The pituitary was removed and fixed by immersion
in the same fixative solution for 1 day at 4 °C, dehydrated
through a graded ethanol series, and embedded in paraffin.
The sections (3-um thick) were cut with a microtome (SM
2000 R, Leica Biosystems, Wetzlar, Germany) and placed
on glass slides (PLATINUM PRO, Matsunami, Osaka,
Japan). Sections were deparaffinized and underwent antigen
retrieval by heating in an autoclave in 1 mM EDTA at

Table 1 List of primary and secondary antibodies. Cy3-, Alexa Fluor 488-, and Alexa Fluor 647-labeled secondary antibodies were diluted 600-,

400-, and 600-fold, respectively, by 1 % BSA/PBS

Primary antibody Vender Product Dilution Secondary antibody (used figure number)
number
Mouse anti-acetylated Sigma-Aldrich, MO, USA T6793 1:8000  Cy3-labeled affinity-purified donkey anti-mouse IgG
o-tubulin (Fig. 1)
Alexa Fluor 647-labeled affinity-purified donkey anti-mouse
IgG (Fig. 4)
Rabbit anti-S100 DAKO, Glostrup, Denmark ~ Z031129-2  1:500 Alexa Fluor 488-labeled affinity-purified donkey anti-rabbit
IgG (Figs. 1, 4, 5)
Goat anti-y-tubulin Santa Cruz Biotechnology, sc-7396 1:500 Alexa Fluor 647-labeled affinity-purified donkey anti-goat
TX, USA IgG (Fig. 1)
Mouse anti FOXJ1 eBioscience, CA, USA 14-9965 1:500 Cy3-labeled affinity-purified donkey anti-mouse IgG
(Figs. 3, 5)
Goat anti-S1003 R&D Systems, MN, USA AF1820 1:500 Alexa Fluor 488-labeled affinity-purified donkey anti-goat
IgG (Fig. 3)
Rabbit anti-acetylated Cell Signaling Technology, #5335 1:2000  Alexa Fluor 647-labeled affinity-purified donkey anti-rabbit
o-tubulin MA, USA IgG (Fig. 3)
Goat anti-SOX2 R&D Systems, MN, USA AF2018 1:200 Cy3-labeled affinity-purified donkey anti-goat IgG (Fig. 4)

Alexa Fluor 647-labeled affinity-purified donkey anti-goat
IgG (Fig. 5)
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121 °C for 1 min. The sections were then incubated over-
night at 25 °C with the antibodies described in Table I in
phosphate-buffered saline (PBS) containing 1 % bovine
serum albumin (BSA). After incubation with each primary

X

Fig. 1 Immunohistochemical analysis of S100B-positive multicili-
ated cells in the rat pituitary. Low-magnification images of the rat
pituitary where acetylated (Ac) a-tubulin (a red) and S1008 (b green)
were visualized with antibodies (a, b). Broken lines indicate the edge
of Rathke’s cleft (RC). The single-cell layers facing Rathke’s cleft
comprise the marginal cell layer (a—c). Acetylated o-tubulin (a) and
S100P (b) signals are observed in the anterior lobe (AL), intermediate
lobe (IL), and posterior lobe (PL). In the marginal cell layer, intense
signals of acetylated o-tubulin are localized at the apical surface of

antibody, the sections were washed with PBS, and then
incubated with a solution of secondary antibody containing
immunoglobulins specific to the animal hosts of primary
antibodies and labeled with Cy3, Alexa Fluor 488, or Alexa

S100B-positive cells (¢ arrows). Triple immunofluorescence images
of acetylated a-tubulin (red), S100p (green), and y-tubulin (yellow) in
the marginal cell layer (d-g) and anterior lobe (h—k) are indicated.
Motile cilia and basal bodies were labeled with anti-acetylated o-
tubulin and anti-y-tubulin antibodies, respectively. Motile cilia
elongated from the basal bodies in S100B-positive cells (g, k).
Arrows indicate the S100B-positive multiciliated cells. Nuclei were
counterstained with DAPI (blue). Bars 100 pm (a—c), 10 pm (d-g, h—
k)

@ Springer



62

Med Mol Morphol (2017) 50:59-67

Fluor 647 (Jackson Immunoresearch, PA, USA), and with
4/, 6-diamidino-2-phenylindole (DAPIL; Dojindo, Kuma-
moto, Japan) for 2 h at 25 °C (Table 1). The sections were
washed in PBS, mounted in PermaFluor (Thermo Fisher
Scientific), and examined using a confocal laser scanning
microscope system Al (Nikon, Tokyo, Japan). The speci-
ficity of the all antibodies was checked by negative staining
removed the antibody (data not shown). The far-red signals
by Alexa Fluor 647 are indicated by yellow color in Figs. 1,
3, and 4, and by blue color in Fig. 5, to show four or three-
components each with different colors in one image. We
confirmed that these yellow signals were not the overlapping
colors produced by mixing red and green colors.

In situ hybridization

In situ hybridization was carried out according to a method
described previously [29, 30]. Briefly, digoxigenin (DIG)-
labeled antisense and sense cRNA probes were prepared

S

i PL

\ -
v*, Anti-sense

RC

Fig. 2 Analysis of Foxjl expression in the rat pituitary by in situ
hybridization. Foxjl signals (arrows) are detected in the marginal cell
layer and anterior lobe (AL) in the rat pituitary (a). Foxjl signal is not
observed when the sections were treated with a DIG-labeled sense
RNA probe (b). Broken lines indicate the edge of marginal cell layer
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based on a partial rat Foxjl cDNA sequence (GenBank
accession no. NM_053832) inserted into pGEM-T vector
(Promega, WI, USA) by in vitro transcription using T7 and
SP6 RNA polymerases (Roche, Basel, Switzerland). The
following primers were used for the amplification of cDNA
fragment of rat Foxjl: forward, 5'-AGTATGCA-
GAACGCCTGCTC-3"; and reverse, 5'-TGCTTCAAA-
GAGGGGTTCTG-3'. Cryosections of the rat pituitary
were digested in 0.5 pg/mL proteinase K solution for
5 min at 37 °C, postfixed in 4 % paraformaldehyde for
5 min, and incubated with DIG-labeled cRNA probe for
20 h at 55 °C. After hybridization, the sections were trea-
ted, 15 min each, at 55 °C in 4x, 2x, and 0.2x saline-
sodium citrate buffer series, and then incubated with
alkaline phosphatase-conjugated sheep anti-DIG Fab anti-
bodies (1:1000; Roche) for 2 h at 25 °C. The label was

visualized with nitroblue tetrazolium chloride and
5-bromo-4-chloro-3-indolylphosphate (NBT/BCIP;
Roche).
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facing Rathke’s cleft (RC a, b). Foxjl-expressing cells (arrows) exist
in the marginal cell layer (c¢) and anterior lobe (d). Arrowheads point
to the motile cilia. /L intermediate lobe, PL posterior lobe. Bars
100 pm (a, b), 10 pm (c, d)
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Fig. 3 Immunolocalization of FOXJ1 in the rat pituitary. Under low-
magnification, FOXJ1 signals (red) are found around the marginal
cell layer indicated by broken lines (a—c). Arrows indicate FOXJ1-
positive cells (a—c). Triple immunofluorescence images of FOXJ1
(red), S100B (green), and acetylated (Ac) a-tubulin (yellow) in the

Results

In the present study, we examined the distribution of
multiciliated cells in the rat pituitary employing immuno-
histochemistry with antibodies specific to acetylated o-
tubulin, y-tubulin, and S100f (Fig. 1). The acetylated o-

Ac a-tubulin

marginal cell layer (d—g) and anterior lobe (AL h-k) are shown.
FOXJ1 signals localize in the nucleus of S100B-positive multiciliated
cells (g, k arrowheads). Nuclei were counterstained with DAPI (b—c,
e-g, i-k blue). IL intermediate lobe, PL posterior lobe, RC Rathke’s
cleft. Bars 50 pm (a—c), 10 pm (d-g, h-k)

tubulin and S100p signals were widely distributed in AL,
IL, and PL (Fig. 1a). In MCL, intense acetylated a-tubulin
signals were also detected on apical surfaces of S10083-
positive cells along Rathke’s cleft (Fig. la—c), and acety-
lated o-tubulin/S100fB double positive cells were observed
more frequently on the IL side of MCL than on the AL side
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Fig. 4 Immunolocalization of SOX2 in S100B-positive multiciliated
cells of the rat pituitary. Triple immunofluorescence images of SOX2
(red), S100B (green), and acetylated (Ac) a-tubulin (yellow) in the
marginal cell layer (a—d) and anterior lobe (e-h) are shown. SOX2

(Fig. la—c). Some S100B-positive cells in the MCL and
ALFS (follicle structure in the parenchyma of AL) con-
tained motile cilia that extended from the basal bodies
(Fig. 1d—k). Motile cilia of S100B-positive multiciliated
cells in ALFS and MCL elongated toward the central area
of follicle structure composed of S100B-positive cells and
Rathke’s cleft, respectively.

We investigated the expression of Foxjl in the rat
pituitary by in situ hybridization (Fig. 2a—d). We found
Foxjl signals in MCL (Fig. 2c) and parenchyma of AL
(Fig. 2d). To determine the localization of FOXJ1 protein
in the rat pituitary, we conducted immunohistochemical
examination with anti-FOXJ1, anti-S100f, and anti-acety-
lated o-tubulin antibodies (Fig. 3). FOXJ1 signal was
detected mainly in MCL (Fig. 3a—c). FOXJ1-expressing
cells were observed abundantly on the IL side of MCL,
compared with those on the AL side of MCL (Figs. 2a, 3a).
We also noted that FOXJ1 signals were localized only in
the nuclei of S100B-positive multiciliated cells in MCL
(Fig. 3d—g) and ALFS (Fig. 3h-k).

To elucidate SOX2 expression in these cells, we used
immunohistochemical approach with anti-SOX2, anti-

@ Springer

signals localize in the nucleus of S100-positive cells in the marginal
cell layer (a—d arrows) and anterior lobe (e~h arrows). Nuclei were
counterstained with DAPI (b—d, f-h blue). IL intermediate lobe, RC
Rathke’s cleft. Bar 10 pym

S100B, and anti-acetylated o-tubulin antibodies (Fig. 4).
SOX2 was localized in the nuclei of S100B3-positive mul-
ticiliated cells in MCL (Fig. 4a, b) and ALFS (Fig. 4e-h).
We also immunohistochemically examined the relationship
between FOXJ1 and SOX2 in S100B-positive multiciliated
cells of the pituitary (Fig. 5). We discovered that FOXJ1
and SOX2 colocalized in the nuclei of S100B-positive cells
in MCL (Fig. 5a, b) and ALFS (Fig. S5e-h).

Discussion

Because specificity of antibodies against acetylated o-
tubulin and y-tubulin were already confirmed [27], we used
these antibodies as the maker of cilia and basal body,
respectively. Reliability of antibodies against S100,
FOXJ1, and SOX2 were previously reported [3, 31-33]. In
the present study, we demonstrated that acetylated o-
tubulin signals were localized at the apical surface of
S100B-positive cells in MCL and ALFS. Because motile
cilia in multiciliated cells generally consist of microtubules
containing o-tubulin that is acetylated by a-tubulin-specific
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Fig. 5 Colocalization of FOXJ1 and SOX2 in S100B-positive cells of
the rat pituitary. Triple immunofluorescence images of FOXJ1 (red),
SOX2 (blue), and S100B (green) in the marginal cell layer (a—d) and
anterior lobe (e-h) are shown. Signals from the anti-FOXJ1 and anti-

acetyltransferase 1 [27], it is considered that the acetylated
a-tubulin/S100B double positive cells are in fact S100p3-
positive multiciliated cells in the pituitary. The motile cilia
of multiciliated cells are involved not only in the circula-
tion of extra cellular fluid or transport of substances, such
as ovum [9], but also as cellular mechano- and chemo-
sensors via a variety of receptors and channels present on
these structures [10]. Water channel protein aquaporin 5 is
distinctively localized on motile cilia in the MCL [34];
therefore, it is considered that the multiciliated cells in
MCL transport water between Rathke’s cleft and interstitial
fluid in the adenohypophysis.

Previous reports have demonstrated that FOXJ1 is
localized at the nuclei of multiciliated cells of the trachea,
bronchioles, brain, choroid plexus, and oviduct [17-21],
and is involved in the modulation of expression of genes
encoding ciliation-associated functions, such as intraflag-
ellar transport proteins, tubulins and tubulin-modifying
enzymes [26, 31, 35]. Deletion of Foxjl in mice results in a
failure of basal bodies to localize at the apical cell surface

SOX2 antibodies colocalized in the nucleus of S100B-positive cells in
the marginal cell layer (a—d arrows) and anterior lobe (e-h arrows).
IL intermediate lobe, RC Rathke’s cleft. Bars 10 pm (a—d, e-h)

of multiciliated cells [31]. In this study, we elucidated the
expression of Foxjl gene and localization of FOXJ1 pro-
tein in S100B-positive multiciliated cells in the MCL and
ALFS. Thus, it is considered that FOXJ1 is essential for
motile cilia formation in S100B-positive multiciliated cells
in the pituitary. Using immunohistochemistry, we also
discovered that S100B/SOX2/FOXJ1 triple positive multi-
ciliated cells were scattered throughout MCL and ALFS.
Because MCL and ALFS were composed of S1003/SOX2
double positive non-ciliated cells and S100/SOX2/FOXIJ1
triple positive multiciliated cells, it is considered that
S100B- and SOX2-positive cells are not uniform but
heterogeneous.

Jacquet et al. [31] reported that FOXJ1 was present in
the subventricular zone, a stem cell niche in the adult
mouse brain, and was required for the differentiation of
radial glia, one type of the neural stem cells, into
ependymal cells. Moreover, FOXJ1 and SOX2 are also co-
expressed in ependymal cells, and brain-specific deletion of
Sox2 resulted in ciliary loss in ependymal cells in mice
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[31, 36]. SOX2 also promotes the expression of FOXJ1 in
Clara cells, progenitor cells in the conducting airway; thus,
it is thought that SOX2 regulates the differentiation of
Clara cells into multiciliated cells together with FOXJ1
[37, 38]. Therefore, co-expression of FOXJ1 and SOX2 is
probably important for the differentiation and maintenance
of S100B-positive multiciliated cells in the pituitary. Taken
together, we found that the MCL and ALFS in the pituitary
were consisting of morphologically and functionally dis-
tinct two types of cells, i.e., SI00/SOX2 double positive
non-ciliated cells and S100B/SOX2/FOXIJ1 triple positive
multiciliated cells. To identify the cellular function of these
cells, further physiological investigation using knockout
animals will be valid to reveal whether knockout of indi-
vidual factors affect differentiation of these cells in the
pituitary.
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