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Abstract
In the anterior pituitary, S100β protein (S100β) has been assumed to be a marker of folliculo-stellate cells, which are one of 
the non-hormone-producing cells existing in the parenchyma of the adult anterior lobe and are composed of subpopulations 
with various functions. However, recent accumulating studies on S100β-positive cells, including non-folliculo-stellate cells 
lining the marginal cell layer (MCL), have shown the novel aspect that most S100β-positive cells in the MCL and parenchyma 
of the adult anterior lobe are positive for sex determining region Y-box 2 (SOX2), a marker of pituitary stem/progenitor cells. 
From the viewpoint of SOX2-positive cells, the majority of these cells in the MCL and in the parenchyma are positive for 
S100β, suggesting that S100β plays a role in the large population of stem/progenitor cells in the anterior lobe of the adult 
pituitary. Reportedly, S100β/SOX2-double positive cells are able to differentiate into hormone-producing cells and various 
types of non-hormone-producing cells. Intriguingly, it has been demonstrated that extra-pituitary lineage cells invade the 
pituitary gland during prenatal pituitary organogenesis. Among them, two S100β-positive populations have been identified: 
one is SOX2-positive population which invades at the late embryonic period through the pituitary stalk and another is a 
SOX2-negative population that invades at the middle embryonic period through Atwell’s recess. These two populations are 
likely the substantive origin of S100β-positive cells in the postnatal anterior pituitary, while S100β-positive cells emerging 
from oral ectoderm-derived cells remain unclear.
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Introduction

S100β, a small acidic protein composed of 92 amino 
acids, is an EF-hand  Ca2+,  Cu2+, and  Zn2+ binding protein 
(Donato et al. 2009). It was discovered from brain extracts 
in 1965, and its name derives from the fact that it is solu-
ble in saturated ammonium sulfate solution (Moore 1965). 
Using S100β-promoter/enhanced green fluorescent pro-
tein (EGFP)-transgenic (TG) mice, S100β expression has 
been reported in immature and mature neurons and glial 
cells in the central and peripheral nervous system in addi-
tion to tissues of non-neural systems such as melanocytes, 

chondrocytes, and pituitary folliculo-stellate cells (Vives 
et al. 2003). Although S100β acts as an intracellular regu-
lator and an extracellular signal (Donato et al. 2009), its 
precise function is poorly understood.

The pituitary gland is an endocrine tissue that plays 
essential roles in plural physiological processes via syn-
thesis and secretion of multiple hormones. It comprises the 
two following anatomically distinct entities: the neurohy-
pophysis (posterior pituitary) derived from the neural ecto-
derm and the adenohypophysis (anterior pituitary) derived 
from the oral ectoderm (developed from the anterior cranial 
placode) (Couly and Le Douarin 1985; Kouki et al. 2001). 
The posterior pituitary consists of the posterior lobe and 
the pituitary stalk. It is connected to the median eminence 
of the hypothalamus through the pituitary stalk (Rizzoti and 
Lovell-Badge 2017). The posterior lobe, the major part of 
the posterior pituitary, consists of axon terminals of oxytocin 
and vasopressin neurons extending from the hypothalamus, a 
large population of pituicytes (a special type of astrocytes), 
a small population of microglia, and unknown cells (Wei 
et al. 2009).
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The anterior pituitary consists of the intermediate and 
anterior lobes, and the pars tuberalis. The anterior lobe 
comprises five types of hormone-producing cells including 
growth hormone (GH), prolactin (PRL), luteinizing hor-
mone (LH)/follicle-stimulating hormone (FSH), thyroid-
stimulating hormone (TSH), and adrenocorticotropic hor-
mone (ACTH), as well as non-hormone-producing cells such 
as stem/progenitor cells and folliculo-stellate cells (Sheng 
et al. 1997; Tremblay et al. 1998; Zhu et al. 2006). The ante-
rior lobe shows low steady-state turnover, but image analy-
ses with apoptotic and mitotic cells show that, in young and 
adult male rat anterior lobes, cells either die or divide as 
frequently as once every 60–70 days (1.4–1.7% cell renewal 
daily) (Nolan et al. 1998, 1999). Nevertheless, a continuous 
supply of hormone-producing cells in the anterior pituitary 
is essential. It is reported that at least ACTH-producing cells 
show a substantial cell turnover by self-duplication (Langlais 
et al. 2013), and long term lineage tracing by two groups 
(Andoniadou et al. 2013; Rizzoti et al. 2013) indicated that 
the sex determining region Y-box 2 (SOX2)-positive stem/
progenitor cells do not show significant participation in the 
renewal of hormone-producing cells. The mechanism of 
replenishment of hormone-producing cells from terminally 
differentiated those cells is an interesting issue.

In 1980, by immunohistochemical analyses of the ante-
rior lobe of the adult rat pituitary gland using an anti-S100β 
antibody, Nakajima et al. first revealed that the folliculo-
stellate cells in the parenchyma are positive for S100β 
(Nakajima et al. 1980). Furthermore, Cocchia and Miani 
(1980) and Yoshimura’s group (Shirasawa et  al. 1983) 
reported the presence of other S100β-positive cell types, 
including marginal cells of the intermediate and anterior 
lobes lining the residual lumen of the anterior pituitary, 
and pituicytes in the posterior lobe. Since then, accumu-
lating evidence has suggested that S100β-positive cells 
may have various functions. Until now, the identification 
of S100β-positive cells in the mouse anterior pituitary has 

been difficult and another approach to seek an alternative 
marker for mouse S100β-positive cells has been reported 
(Fujiwara et al. 2020). Nevertheless, recent analyses using 
S100β/GFP-TG mice (Andoniadou et al. 2013; Vives et al. 
2003) and immunohistochemical analysis using an anti-
S100β antibody from each different manufacturer (Fauquier 
et al. 2008; Horiguchi et al. 2021; O’Hara et al. 2020) reveal 
the presence of S100β-positive cells in the mouse anterior 
gland. Especially, Horiguchi et al. (2021) clearly show the 
S100β-positive cells both in the MCL and in the paren-
chyma. Detail comparison of the S100β expression profile 
between mouse and rat may be required further studies. In 
this review, we address the origin of S100β-positive cells 
in addition to the relationship with SOX2-positive pituitary 
stem/progenitor cells in the adult anterior pituitary.

Pituitary organogenesis

The architecture of stem/progenitor cells develops during 
pituitary organogenesis (Vankelecom 2012). Construction 
of the pituitary primordium begins with invagination of the 
oral ectoderm (Fig. 1a), which is composed of only SOX2-
positive cells, toward the ventral diencephalon, the prospec-
tive posterior pituitary originating from the neural ectoderm 
(see the review Rizzoti (2015), and references therein). Sub-
sequently, the primordium of the prospective anterior pitui-
tary, known as Rathke’s pouch, is formed and detaches from 
the oral ectoderm (Fig. 1b) (Kioussi et al. 1999). Further 
expansion proceeds along with development through prolif-
eration of the cell cord growing out from the marginal cell 
layer (MCL) facing the anterior wall of Rathke’s pouch to the 
parenchyma (Yoshimura et al. 1977a), followed by construc-
tion of the functional pituitary gland (Fig. 1c, d). These pro-
cesses are advanced by extrinsic signals from the diencepha-
lon and an intrinsic one within Rathke’s pouch, in addition 
to spatial–temporal expression of plural transcription factors 

Fig. 1  Development of the rodent pituitary gland. a Invagination of 
the oral ectoderm (OE) toward the diencephalon (Di: presumptive 
posterior pituitary). b Development of the pituitary primordium, 
Rathke’s pouch (RP). All cells are positive for sex determining region 
Y-box 2 (SOX2, blue). c, d During development, SOX2-positive cells 

localize in the marginal cell layer (MCL, thick blue line) and in the 
parenchyma (PA, light blue) of the anterior lobe (AL) and the inter-
mediate lobe (IL, light blue). PL posterior lobe, AR Atwell’s recess. 
The number at the top of each figure shows the embryonic age of rats 
and mice (in order of rat/mouse)
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(Kelberman et al. 2009; Vankelecom and Gremeaux 2010; 
Zhu et al. 2007).

Before the discovery of SOX2‑positive cells

In the 1970s, to investigate stem/progenitor cells for 
hormone-producing cells, many studies actively investi-
gated non-hormone-producing cells (termed as chromo-
phobes or agranular cells at that time) which localized in 
the MCL (marginal cells with polygonal shape) and in the 
parenchyma (follicular cells, stellate cells, and folliculo-
stellate cells with stellate shape) of the anterior lobe. Vila-
Porcile collectively calls the follicular and stellate cells 
in the parenchyma as folliculo-stellate cells, because of 
their similar morphology and intracellular ultrastructure, 
“une même famille cellulaire” (the same cell family) (Vila-
Porcile 1972).

Based on ultrastructural similarities with non-hormone-
producing cells, such as the presence of microfilaments, 
immaturity, scanty rough endoplasmic reticulum, and abun-
dance of free ribosomes and polysomes, Yoshimura et al. 
suggested a clear relation between marginal layer cells and 
follicular cells, and predicted that they are involved in a 
“cell renewal system” (Yoshimura et al. 1977a, 1977b). This 
hypothesis is frequently discussed, but direct evidence has 
not been demonstrated (Vankelecom 2007a, 2007b, 2012).

Later, Nakajima et al. investigated the adult rat anterior 
pituitary by immunohistochemistry using anti-S100β anti-
body and first observed positive signals in two cell types, 
follicle-forming cells and stellate-shaped cells, and collec-
tively integrated them into folliculo-stellate cells (Nakajima 
et al. 1980). Since then, S100β has been used exclusively 
as a marker for folliculo-stellate cells. However, Cocchia 
and Miani (1980) and Yoshimura’s group (Shirasawa et al. 
1983) have reported that different shapes of S100β-positive 
cells are also present in the MCL (polygonal shape) of the 
intermediate and anterior lobes, and in the posterior lobe 
(pituitcytes; irregular and branched shape), thereby indicat-
ing the presence of various types of S100β-positive cells. 
Additionally, it has been revealed that folliculo-stellate cells 
are heterogeneous with different immunophenotypes, mor-
phologies, and functions (Allaerts and Vankelecom 2005; 
Devnath and Inoue 2008). However, understanding for the 
folliculo-stellate cells is likely to be confusing.

Discovery of SOX2‑positive cells as pituitary 
stem/progenitor cells

Since SOX2 is required for expansion of progenitors and dif-
ferentiation of pituitary endocrine lineages (Goldsmith et al. 
2016; Jayakody et al. 2012), various studies on stem cells 

using SOX2-positive cells have been conducted. Lepore 
et al. have reported that pituitary colony-forming cells in 
dispersed pituitary cells possess the ability to proliferate 
and differentiate into hormone-producing cells (Lepore et al. 
2006, 2005). Chen et al. have reported that the cell fraction 
showing Hoechst 33342 dye efflux capacity suggests a uni-
versal property of stem cell populations expressing several 
marker genes of stem cells other than Sox2 at high levels 
(Chen et al. 2006, 2005). Using the sphere-forming assay 
that assesses stem cell properties in vitro (Reynolds and 
Weiss 1992), Fauquier et al. have reported that the sphere 
prepared from dispersed pituitary cells (pituisphere) is com-
posed of SOX2-positive cells and they differentiate into all 
hormone-producing cells and S100β-positive cells by culti-
vation under differentiation-inducing conditions (Fauquier 
et al. 2008).

Currently, stem cells are divided into two groups namely 
embryonic stem cells and adult stem cells. Embryonic stem 
cells are pluripotent and are assumed to play a role in basic 
development, while adult stem cells are either multipotent 
or unipotent and contribute to maintenance and repair of the 
resident tissue (Bragdon and Bahney 2018). In the pituitary 
gland, there are several reports describing adult stem cells 
that are qualitatively different from the embryonic stem 
cells by virtue for the maintenance of postnatal pituitary 
function (Andoniadou et al. 2013; Gleiberman et al. 2008; 
Rizzoti et al. 2013). Especially, SOX2-positive cells in the 
adult anterior lobe are involved in the pituitary homeostasis 
responsible for physiological demand (Andoniadou et al. 
2013; Rizzoti et al. 2013). Future elucidation of how such 
stem/progenitor cells emerge during the embryonic pitui-
tary development is expected. Recently, depletion of SOX2-
positive cells in the adult pituitary gland using diphtheria 
toxin shows that 80% obliteration of these cells does not 
affect adult hormone-producing homeostasis and remod-
eling (Roose et al. 2017). It is interesting in the existence 
of cell lineage with SOX2-positive signal in the cytoplasm 
(cSOX2-positive cells) escaped from Sox2 promoter-driven 
ablation.

Establishment of S100β‑transgenic rats 
provides novel insights into pituitary stem/
progenitor cells

In 2007, Itakura et al. generated S100β/GFP-TG rats, which 
express the gene encoding the GFP protein under the control 
of the rat S100β promoter (Itakura et al. 2007). TG rats show 
specific expression of Gfp in the S100β-positive cells in the 
pituitary gland and other tissues including cerebellum, chon-
drocytes, and adipocytes. Consequently, they enable live 
observation of S100β-positive cells and tissues, cell sepa-
ration by a cell sorter, and multiple immunostaining with 

229Cell and Tissue Research (2021) 386:227–237



1 3

higher sensitivity. Accumulating studies using the S100β/
GFP-TG rats have disclosed a novel aspect of S100β-positive 
cells; most of them are stem/progenitor cells of the postnatal 
anterior pituitary as discussed below.

Most S100β‑positive cells are positive 
for SOX2

Until now, it has been shown that S100β is present in SOX2-
positive cells of the rat and mouse anterior pituitaries (Ando-
niadou et al. 2013; Fauquier et al. 2008; Yoshida et al. 2011). 
Yoshida et al. (2013) performed immunohistochemistry for 
SOX2, prophet of PIT1 (PROP1, a pituitary-specific tran-
scription factor (Sornson et al. 1996)), and S100β (substituted 
by GFP) using the pituitary gland of adult S100β/GFP-TG 
male rats and showed intriguing localization profile of the 
pituitary stem/progenitor cells (Yoshida et al. 2011). SOX2-, 
PROP1-, and S100β-positive cells show heterogeneous com-
position and dissimilar populations in the MCL and paren-
chyma of the anterior lobe, thereby indicating that they are 
heterogeneous (Fig. 2). The study focused on cells positive 
for SOX2 and/or S100β revealing that approximately 85% 
of the S100β-positive cells are positive for SOX2 (types 
3 and 4 in Fig. 2a, b) and suggesting that they have stem/
progenitor cell properties, while only approximately 15% 
of the S100β-single positive cells (type 5 in Fig. 2a, b) are 
located in both the MCL and parenchyma of the anterior  

lobe (Fig. 2c). From the viewpoint of SOX2-positive cells, 
of those positive for S100β (types 3 and 4) are 78% in the rat 
anterior lobe (64% and 82% in the MCL and parenchyma, 
respectively) (Fig. 2d). Therefore, S100β-positive cells could 
be divided into two groups, namely SOX2-positive (stem/
progenitor cells) and SOX2-negative. S100β/SOX2-double 
positive cells are absent from the anterior lobe during the 
embryonic period (Horiguchi et al. 2016), and they eventu-
ally appear at least on postnatal day 3 (P3) (Ueharu et al. 
2018). Afterward, they are abundantly located in the MCL 
and the parenchyma (Yoshida et al. 2011). In the mouse adult 
anterior lobe, the S100β/SOX2-double positive cells are cer-
tainly present and the ratio in SOX2-positive cells is substan-
tially low at 58% (Andoniadou et al. 2013) in comparison that 
of the rat, remaining to be clarified the difference in future.

Microenvironments that nurture stem/progenitor cells 
have been studied in many tissues after the stem cell niche 
theory was proposed in Drosophila melanogaster (Lin 
2002). In the pituitary, two kinds of niches are postulated, 
the MCL niche and parenchymal niche, scattering in the 
parenchyma of the postnatal anterior lobe (Gremeaux et al. 
2012; Vankelecom and Chen 2014; Yoshida et al. 2016a). 
The parenchymal niches are first found in the neonatal 
anterior lobe and increase in number during the postnatal 
pituitary growth wave, whereas the MCL niche persists 
throughout embryonic and postnatal period (Chen et al. 
2013).

Fig. 2  Immunohistochemistry and cell of the anterior lobe of male 
S100β/green fluorescent protein-transgenic (GFP-TG) rats at post-
natal day 60. Results of immunostaining using antibodies against 
SOX2 (blue), prophet of PIT1 (PROP1, red), and S100β (green, GFP 
expression under the S100β promoter) are shown (a, b). In the stained 

images of the MCL (a) and parenchyma (b), five types of positive 
cells (types 1–5) are observed. The proportion of each cell type posi-
tive for S100β-GFP (c) and SOX2 (d) in the MCL and in the paren-
chyma are shown (Yoshida et al. 2011). Bars = 20 µm
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Construction of the parenchymal 
stem/progenitor cell niche 
by epithelial‑mesenchymal transition 
in the postnatal anterior lobe

To elucidate the construction of the parenchymal niche, 
Chen et al. have proposed the migration of stem/progeni-
tor cells from the MCL to the parenchyma by epithelial-
mesenchymal transition (EMT) (Chen et al. 2013). EMT 
is known to play important role in cell migration and dif-
ferentiation in embryonic development of many tissues as 
well as oncogenesis (Davis et al. 2014; Simoes-Costa and 
Bronner 2015; Yoshida et al. 2016a).

In addition to EMT markers (E-cadherin for epithelial 
cells and vimentin for mesenchymal cells), Chen et al. 
investigated EMT using the coxsackievirus and adenovi-
rus receptor (CAR), a tight-junction molecule, and showed 
that EMT is preceded by the alteration of apical membrane 
localization of CAR to the basolateral membrane, followed 
by the migration to the parenchyma and formation of clus-
ters (Chen et al. 2013). The juxtacrine signaling molecule, 
ephrin B2, is also involved in EMT by alteration of mem-
brane localization (Yoshida et al. 2015, 2017).

In the parenchyma, the stem/progenitor cells form 
dense clusters with a pseudo-follicular structure (termed 
as parenchymal stem/progenitor cell clusters; PS clusters), 
in which CAR (Chen et al. 2013), ephrin B2, and its cis-
acting receptor EphB3 (Yoshida et al. 2017) encircle the 
follicular lumen. Notably, in the neonatal pituitary, EphB2, 
which is another ephrin-B2 interacting receptor and is pro-
duced by ACTH-producing cells, shows trans-interaction 
between ephrin-B2 localized in the basolateral membrane 
of stem/progenitor cells beneath the MCL (Yoshida et al. 
2017). Although this trans-interaction between ephrin-
B2 and EphB2 may be involved in the acceleration of 
stem/progenitor cell migration from the MCL niche, this 
hypothesis remains to be elucidated.

Investigation of the mechanism for onset of EMT is 
important. Perez-Millan et al. reported that PROP1 trig-
gers EMT-like transition in mice pituitary by comprehen-
sive genomic profiling using Prop1-deficient Ames dwarf 
mice (Prop1df/df) (Perez Millan et al. 2016). Future eluci-
dation is expected to clarify the molecules which trigger 
EMT in the PROP1-negative stem/progenitor cells lining 
the MCL (Yoshida et al. 2011) and a role of PROP1 in the 
parenchymal stem/progenitor niches.

In retrospect, the observations regarding EMT are in 
accordance with the relationship between non-hormone-
producing cells in the MCL and parenchyma that is 
pointed out by Yoshimura et al. They reported that there 
are fine ultrastructural similarities between marginal layer 
cells and follicular cells (Yoshimura et al. 1977a) and that 

the cell cords grow out from marginal layer cells and fol-
licular cell clusters around pseudo-follicles (Yoshimura 
et al. 1977b).

Diverse plasticity of S100β‑positive stem/
progenitor cells

Using the adult anterior pituitary of the S100β/GFP-TG 
rat, it has been demonstrated that S100β-positive cells have 
plasticity to differentiate into skeletal muscle cells (Osuna 
et al. 2012), and into hormone-producing cells (Higuchi 
et al. 2014). Yoshida et al. (2013) succeeded in isolating PS 
clusters by intense enzymatic dispersion of the adult anterior 
lobe with subsequent repeated pipetting, and confirmed that 
all cells in the PS clusters are positive for SOX2 (Yoshida 
et al. 2016b). They are classified into the following three 
types: type A, composed of all S100β-positive cells; type B, 
a mix of S100β-positive and S100β-negative cells; and type 
C, all S100β-negative cells. Cultivation of type A and type 
C clusters in 3D cultivation medium shows that some type A 
cells, but not type C, differentiate into hormone-producing 
cells (Yoshida et al. 2016b). Cultivation of type A clusters 
in 2D cultivation medium, intriguingly, shows differentiation 
into cells positive for various molecular markers, including 
myogenin (skeletal muscle cell), alpha-smooth muscle actin 
(αSMA, smooth muscle cell), neuron-glial antigen 2 (NG2, 
pericyte), and SOX17 (endoderm lineage cell) (Yoshida 
et al. 2018). Thus, S100β/SOX2-double positive cells have 
plasticity to differentiate into various cell types regardless of 
the germ layer. These differentiation profiles suggested that 
the cells in type A clusters have a capacity to differentiate 
into various cell types depending on cultivation conditions, 
and each cluster is composed of previously destined cells. 
Whether S100β-positive cells emerge from type C clusters, 
which are composed of SOX2-single positive cells and 
exhibit high stemness, requires further study.

Recently, it has been reported that most S100β/SOX2-
double positive cells preferentially express Cd9 and Cd81, 
which participate in proliferation, and are able to differentiate 
into endothelial cells (Horiguchi et al. 2018) and hormone-
producing cells (Horiguchi et al. 2021).

Invasion of extra‑pituitary lineage cells 
during pituitary organogenesis

It has long been suggested that cells of different origins 
invade the pituitary gland during early development (Couly 
and Le Douarin 1985, 1987). Notably, as described above, 
S100β is expressed in several cells of tissues in the nervous 
and non-neural systems (Vives et al. 2003). It is now known 
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that many of the S100β-positive cells in various tissues are 
neural crest-derived cells (Aquino et al. 2006; Zhang et al. 
2014). In fact, using gene tracing analysis and cell mark-
ers, several types of invasion of extra-pituitary lineage cells 
during early pituitary organogenesis have recently been 
demonstrated.

P0‑positive neural crest‑derived cells invade 
the primordium of the pituitary

Neural crest cells are a transient and multipotent cell popu-
lation that migrate along with EMT and reside in various 
organs, including endocrine system, by generating vast 
diverse array of cell types during vertebrate development 
(see reviews Perera and Kerosuo (2021), Pierret et al. (2006), 
Vega-Lopez et al. (2018)). Migratory neural crest-derived 
cells are classified into two groups, namely early migratory 
neural crest cells, which are positive for the P0 protein, and 
late migratory cells, which are negative for P0 (Nitzan et al. 
2013).

Davis et al. suggested an ectopic expression of P0-Cre in 
Rathke’s pouch (Davis et al. 2016). However, time-dependent 
survey of P0 lineage cell by gene tracing analysis using P0-Cre/
EGFP-TG mice (Ueharu et al. 2017) showed that P0 line-
age neural crest-derived cells migrate into developing mouse 
pituitary in a stepwise manner at mouse embryonic day 9.5 
(mE9.5 corresponds to rat E11.5) (Fig. 3a), when the pituitary 
primordium of Rathke’s pouch (Fig. 3b) begins to be formed, 
and at mE13.5 (rat E15.5), when vasculogenesis proceeds from 
Atwell’s recess (Fig. 3c). Thereafter, invasion of P0 lineage cells 
is not observed. P0 lineage neural crest-derived cells of the first 
wave differentiate into all hormone-producing cell lineages and 
reside in the postnatal anterior lobe as pituitary stem/progeni-
tor cells accounting for 5% of the SOX2-positive cells, while 
P0 lineage cells of the second wave exclusively differentiate 

into pericytes (Davis et al. 2016; Ueharu et al. 2017). However, 
S100β-positive P0 lineage cell is rarely detected in the post-
natal pituitary gland of the P0-Cre/EGFP-TG mice (Yoshida 
et al. 2013personal communication). Thus, the origin of S100β/
SOX2-double positive cells requires elucidation.

Mesenchyme and neural crest‑derived cells 
invade through Atwell’s recess

S100β-positive cells have long been thought to first appear 
in the postnatal anterior pituitary (Shirasawa et al. 1983). 
The development of S100β/GFP-TG rats and highly sensi-
tive immuno-fluorescence antibody technique using confocal 
laser scanning microscopy made it possible to detect the first 
appearance of GFP-positive cells in the posterior lobe and 
Atwell’s recess at E15.5 (Horiguchi et al. 2016) (Fig. 3c), 
which are also positive for anti-S100β antibody (Horiguchi 
et al. personal communication). A small number of S100β-
positive pituicytes are located in the posterior lobe and then 
increase in number during development. In Atwell’s recess, 
an intraglandular fossa that receives several blood vessels in 
the entry of the anterior lobe (Daikoku et al. 1981), S100β-
positive cells are detected and some of them are positive for 
isolectin B4, a marker of vascular endothelial cells. There-
after, a small number of S100β-positive cells are detected 
inside the developing anterior lobe. They are negative for 
SOX2, but some are positive for paired related homeobox 1 
(PRRX1, a mesenchyme cell marker), isolectin B4, desmin 
(an immature and mature pericyte marker), nestin (a neural 
and mesenchymal stem/progenitor cell marker), vimentin (a 
mesenchymal progenitor cell marker), or p75 (a neural crest-
derived cell marker) (Horiguchi et al. 2016), in addition to 
PRRX2 (a mesenchymal cell marker) and α-SMA (smooth 
muscle cell/pericyte marker) (Higuchi et al. 2015). Addi-
tionally, some of the S100β-positive cells show proliferation 

Fig. 3  Possible invasion pathways and localization of S100β-positive 
cells. P0 lineage neural crest cells (NCs) invade the invaginating 
oral ectodermal region at mouse embryonic day 9.5 (E9.5 corre-
sponding to rat E11.5, a, NCP0) and reside in Rathke’s pouch at rat 
E13.5 (b, NC/P0SOX2), but rarely produce S100β-positive cells. Then, 
S100β-positive/SOX2-negative cells that are also positive for p75 
(NC/p75S100β) or for paired related homeobox  1 (PRRX1), desmine, 

vimentin, isolectin B4, or nestin (othersS100β) invaded through 
Atwell’s recess (AR) at rat E15.5 (c). At rat E19.5 (d), SOX10/p75/
SOX2-triple positive cells (NCSOX10) of the neural crest lineage 
invade through the pituitary stalk and become positive for S100β 
(NC/SOX10S100β), which is followed by migration to the intermediate 
lobe and then to the anterior lobe accompanied by an eventual expres-
sion of PROP1 (NC/SOX10S100βPROP1)
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activity (Horiguchi et al. 2016), thereby indicating that 
S100β-positive cells possess diverse populations. The results 
suggest that these cell populations provide postnatal S100β-
positive/SOX2-negative cells. At the late embryonic period, 
after the closing of Atwell’s recess, although there is a small 
number of S100β-positive cells that are negative for SOX2 
remaining in the anterior lobe, a number of S100β/SOX2-
double positive cells appear in the intermediate lobe mainly 
at the boundary region of the posterior lobe, but are absent 
in the anterior lobe (Horiguchi et al. 2016). Thus, two types 
of extra-pituitary lineage S100β-positive cells appear dur-
ing pituitary organogenesis and are likely the origin of the 
S100β-positive cells in the adult anterior pituitary.

SOX10‑positive neural crest‑derived cells 
invade through the pituitary stalk at the late 
embryonic stage

Time-dependent analysis by immunohistochemistry using 
S100β/GFP-TG rats shows that cells triple-positive for 
SOX10 (a marker of neural crest-derived cells and glial cells 
(Yang et al. 2020)), p75 (a marker of neural crest-derived 
cell), and SOX2, but negative for S100β, first appear in the 
pituitary stalk and the rostral region of the posterior lobe 
at E21.5 (Fig. 3d) (Ueharu et al. 2018). Afterward, they 
appear in the middle and caudal region, indicating that they 
migrate in the posterior lobe in rostral to caudal direction. 
Investigation of S100β-expressing cells by using anti-GFP 
antibody showed that SOX10-positive cells turn positive 
for S100β before emerging in the intermediate lobe at P3. 
S100β expression may be activated by SOX10 as described 
(Fujiwara et al. 2014).

In the anterior pituitary at P3, S100β-positive cells are 
mainly located in the parenchyma and MCL of the inter-
mediate lobe, and a small number are in the parenchyma of 
the anterior lobe (Ueharu et al. 2018). Those in the inter-
mediate lobe are positive for SOX2, and some of them are 
positive for another neural crest cell marker p75 in addition 
to SOX10. Spindle-shaped S100β/SOX10-double positive 
cells with elongated nuclei are detected in the gap region 
between the lobule structure and the MCL of the intermedi-
ate lobe. Images of migrating cytoplasmic F-actin visualized 
by fluorescently labeled phalloidin show extension of F-actin 
toward the MCL of the intermediate lobe and the boundary 
of the anterior lobe. Afterward, S100β-positive cells invade 
the MCL of the anterior lobe, and the expression of Prop1 
is further confirmed, thereby indicating that part of S100β-
positive cells is the origin of the S100β/SOX2/PROP1-triple 
positive cells in the postnatal anterior lobe.

During the postnatal growth wave, the number of S100β-
positive cells in the anterior lobe increases, but immuno-
reactive signals are lower than those in the intermediate 

lobe. Then, at P60, 85% are positive for SOX2 and 82% of 
the SOX2-positive cells in the parenchyma show positive for 
S100β as described above (Yoshida et al. 2011).

These results suggested that at least two types of neural 
crest-derived cells invade the pituitary during embryonic 
development and only late migratory neural crest-derived 
cells are involved in the appearance of S100β/SOX2-double 
positive cells in the adult anterior lobe.

Unique properties of S100β‑positive 
pituitary lineage cell lines

Given that most S100β-positive cells are stem/progenitor 
cells, the investigation of pituitary S100β-positive cell lines 
is valuable. Tpit/E, Tpit/F1, and TtT/GF cell lines have 
been established from the mouse pituitary gland (Chen 
et al. 2000; Matsumoto et al. 1993). Thus far, researchers 
frequently use Tpit/F1 and TtT/GF as model cell lines for 
folliculo-stellate cells, because of their characteristic mor-
phology and S100β expression, while Tpit/E is not well char-
acterized. However, recent studies have demonstrated their 
characteristics as follows.

Microarray analysis of three cell lines shows the 
expression of Sox2 together with S100β (Yoshida et al. 
2014). While expression levels of S100β are in the order, 
Tpit/E = Tpit/F1 < TtT/GF (0.01:0.01:6.25, relative to 
that of TATA-box binding protein), expression of Sox2 
is in the reverse order, i.e., Tpit/E > Tpit/F1 > TtT/GF 
(1.29:0.45:0.17), suggesting that they are in different stages 
of plasticity. In addition to the ability of differentiation into 
skeletal muscle cells (Mogi et al. 2004), a potential of Tpit/
F1 to differentiate into hormone-producing cells has been 
recently demonstrated (Higuchi et al. 2017), thus reveal-
ing the high plasticity of Tpit/F1. TtT/GF, which expresses 
S100β at high levels, shows an ability to transform into cells 
similar to the pericytes under the action of transforming 
growth factor-β (Tsukada et al. 2019, 2017). Unfortunately, 
although Tpit/E expresses Sox2 at high levels and may have 
a high stemness, the conditions required to induce differ-
entiation have not been established. Thus, taken together, 
these cell lines would be useful tools for the study of S100β-
expressing pituitary stem/progenitor cells, although the ori-
gin of each cell line is obscure.

Conclusion: origin of S100β‑positive cell 
lineages

In the anterior lobe of the adult pituitary, S100β-positive 
cells are located in the MCL and parenchyma. Current 
studies described above suggest that some of these S100β-
positive cells originate from extra-pituitary cell lineages 
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and are classified into two groups, namely SOX2-positive 
(major) and SOX2-negative (minor). The follicular-type and 
stellate-type S100β-positive cells described in Table 1 may 
correspond to SOX2-positive cells and SOX2-negative cells, 
respectively. Although the emergence of S100β-positive 
cells from the oral ectoderm has not been demonstrated and 
needs further validation, recent studies using S100β/GFP-
TG rats provide a new perspective on the origin of S100β-
positive cells. Two possible pathways of S100β-positive cell 
invasion are shown in Fig. 3c, d.

Stepwise invasion by two groups of S100β-positive cells 
may occur. The first group invades the developing pituitary 
through Atwell’s recess (Fig. 3c). They are negative for 
SOX2 but positive for various mesenchymal markers and 
p75, a neural crest-derived cell marker. At the late embryonic 
stage, the second group of SOX10/SOX2-double positive 

cells invades the posterior pituitary through the pituitary 
stalk, followed by transition to express S100β. These cells 
move to the MCL of the intermediate lobe to reach the ante-
rior lobe, the final destination (Fig. 3d). A hypothetical cor-
relation between stem/progenitor cells and S100β-positive 
cells of the embryonic and adult anterior lobe is indicated in 
Fig. 4. Considering that S100β/SOX2-double positive cells 
share major population of the stem/progenitor cells in the 
postnatal anterior lobe, they may be indispensable popula-
tion of adult stem cells postulated by gene tracing analysis 
using nestin-Cre-TG mice (Gleiberman et al. 2008). Whether 
some of the S100β-positive/SOX2-negative cells have pro-
genitor cell properties to supply non-hormone-producing 
cells remains unclear. Nevertheless, it is evident that extra-
pituitary lineage S100β-positive cells indeed play important 
roles in the maintenance of the adult pituitary gland.

Table 1  Cell types of non-hormone-producing cells and S100β-positive cells

* Possibly SOX2-positive cells
** Possibly SOX2-negative cells

Method and reference Group  A* Group  B**

Morphology
Vila-Porcile (1972) Folliculo-stellate cells Stellate cells
Yoshimura et al. (1977b) Marginal cells, follicular cells Stellate cells
Immunohistochemistry
Nakajima et al. (1980) Follicle-forming cells Stellate-shaped cells
Cocchia et al. (1980) Marginal cells, stellate cells (form pituitary follicles) Stellate cells (form a reticular framework)
Shirasawa et al. (1983) Marginal cells, follicular cells Stellate cells
Yamashita et al. (2005) CK-type cells (follicular cells) S100β-type cell (stellate cells)
Yoshida et al. (2011) SOX2-positive cells (MCL and parenchyma) SOX2-negative cells (MCL and parenchyma)
Horiguchi et al. (2018) CD9/SOX2/S100β-positive cell CD9/S100β-positive (SOX2-negative) cells

Fig. 4  Potential correlation of stem/progenitor cells with S100β-positive cells. Each correlation is indicated by arrows. Emergence of S100β-
positive cells from SOX2-positive cells originating from the oral ectoderm is not confirmed
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