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The anterior pituitary gland is organized tissue comprising hormone-producing cells and
folliculostellate (FS) cells. FS cells interconnect to form a meshwork, and their cytoplasmic
processes are anchored by a basement membrane containing laminin. Recently, we
developed a three-dimensional (3D) cell culture that reproduces this FS cell architecture. In
this study of the novel function of FS cells, we used transgenic rats that express green
fluorescent protein in FS cells for the 3D culture. Anterior pituitary cells were cultured with
different proportions of FS cells (0%, 5%, 10%, and 20%). Anterior pituitary cells containing
5-20% FS cells formed round/oval cell aggregates, whereas amorphous cell aggregates
were formed in the absence of FS cells. Interestingly, immunohistochemistry showed
laminin-immunopositive cells instead of extracellular laminin deposition in FS cell-deficient
cell aggregates. Double-immunostaining revealed that these laminin-immunopositive cells
were gonadotrophs. Laminin mRNA expression did not differ in relation to the presence or
absence of FS cells. When anterior pituitary cells with no FS cells were cultured with FS cell-
conditioned medium, the proportion of laminin-immunopositive cells was lower than in
control. These results suggest that a humoral factor from FS cells is required for laminin

release from gonadotrophs.
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I. Introduction

The anterior pituitary gland consists of various cell
types, including five types of hormone-producing cells and
folliculostellate (FS) cells, which do not produce classical
anterior pituitary hormones. These cells form clusters (so-
called lobular structures), which are surrounded by extra-
cellular matrix (ECM) [17, 18]. The cells are not distributed
randomly in each lobule; rather, hormone-producing cells
have affinities for specific cell types (topographic affinity)
[14]. FS cells are localized in the center of the lobule and
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form a meshwork structure by means of homotypical inter-
connection [18]. In addition, the cytoplasmic processes of
FS cells attach to surrounding ECM and envelop hormone-
producing cells [12]. Histological characteristics suggest
that local cell-cell and cell-ECM interactions are essential
for the respective roles of anterior pituitary cells (for
reviews see [3, 15]).

Our series of studies showed that laminin, a major
basement membrane component, interacts with FS cells and
influences FS cell functions [9, 10, 19]. Laminin is a het-
erotrimer of the o, B, and y chains [20] and has various
actions on cells through cell surface receptors such as the
integrins and dystroglycans [22]. In the anterior pituitary
gland, Holck ef al. [6] detected immunoreactive laminin in
the cytoplasm of gonadotrophs and in the vascular base-
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ment membrane. More than 20 years after the discovery of
laminin in gonadotrophs, we used in sifu hybridization to
characterize laminin isoforms expressed in gonadotrophs
and found that the laminin isoforms differed from those
produced by vascular endothelial cells [16]. However, the
mechanism of laminin synthesis and release in the anterior
pituitary is not well understood. This report describes the
novel action of FS cells on laminin secretion in gonad-
otrophs, which was discovered by means of a three-
dimensional (3D) cell culture of anterior pituitary cells
from S100b-GFP transgenic rats, which express green fluo-
rescent protein (GFP) in FS cells.

II. Materials and Methods

Animals

Wistar rats were purchased from Japan SLC
(Shizuoka, Japan). Transgenic S100b-GFP rats [13] were
kindly donated by Prof. K. Inoue of Saitama University and
bred in our animal facility. Eight- to 10-week-old male rats
weighing 250-300 g were given ad libitum access to food
and water and maintained under a 12-hr light/dark cycle.
Room temperature was controlled at around 22°C. All
animal experiments were carried out in a humane manner
after receiving approval from the Institutional Animal
Experiment Committee of Jichi Medical University and
were conducted in accordance with the Institutional Regu-
lation of Animal Experiments and Fundamental Guidelines
for Proper Conduct of Animal Experiments and Related
Activities in Academic Research Institutions, under the
jurisdiction of the Japanese Ministry of Education, Culture,
Sports, Science and Technology.

Hanging drop 3D cell culture

Anterior pituitary cells were isolated from male
S100b-GFP transgenic rats, as described previously [8].
Isolated cells were separated into GFP-positive cells (FS
cells) and GFP-negative cells using a MoFlo XDP cell
sorter (Beckman Coulter, Brea, CA, USA). GFP-positive
and GFP-negative cells were mixed at a proportion of 0%,
5%, 10%, or 20% FS cells (a 5% proportion of FS cells is
equivalent to that in normal adult rat anterior pituitary [4]).
The hanging drop method was used for 3D culture, as
described previously [21]. The cells were cultured for 5
days and processed for each experiment. We previously
confirmed that an in vivo-like FS cell meshwork and fila-
mentous laminin were formed 5 days after plating [21].
Cell aggregates were observed on an IX71 inverted fluores-
cence microscope (Olympus, Tokyo, Japan).

FS cell-conditioned medium

GFP-positive cells were collected as described above
and plated onto 8-well chamber slides (1 cm?/well; Nalge
Nunc International, Penfield, NY, USA) at a density of
1x10° cells/cm? in 400 pl of medium. Three days after cell
culture, the resulting medium was collected and stored at

—80°C. On the day of the experiment, FS cell-conditioned
medium was thawed and diluted to the appropriate concen-
tration with fresh medium.

Immunofluorescence microscopy

Immunohistochemistry was performed as described
previously [21]. Primary antibodies included rabbit poly-
clonal anti-mouse laminin (1:1600, LSL-LB-1013; Cosmo
Bio, Tokyo, Japan), goat polyclonal anti-rat LHB (2 pg/ml,
sc-7824; Santa Cruz Biotechnology, Santa Cruz, CA, USA)
and anti-rat GH antibodies (0.25 pg/ml, AF1566; R&D
Systems, Minneapolis, MN, USA), and mouse monoclonal
anti-human 17-39-ACTH (0.625 pg/ml, CBL56; Cymbus
Biotechnology, Hampshire, UK), anti-human prolactin
(0.625 pg/ml, 6F11; QED Bioscience, San Diego, CA,
USA), and anti-human TSHf (8 pg/ml, 506201; Merck
Millipore, Billerica, CA, USA) antibodies. For detection of
vascular endothelial cells, biotinylated isolectin B4 (20
pug/ml, B-1205; Vector Laboratories, Burlingame, CA,
USA), which binds to galactose residue on the surface of
vascular endothelial cells [2], was added to the primary
antibody. Secondary antibodies included Alexa Fluor 488-
conjugated goat anti-rabbit IgG (1:200), Alexa Fluor 568-
conjugated goat anti-rabbit IgG (1:200), Alexa Fluor 568-
conjugated donkey anti-goat IgG (1:200), and Alexa Fluor
568-conjugated goat anti-mouse IgG (1:200) (Life Tech-
nologies). Biotinylated isolectin B4 was detected by Alexa
Fluor 568-conjugated streptavidin (1:400: Life Tech-
nologies). Coverslips were mounted onto cells using
Vectashield mounting medium containing DAPI (Vector
Laboratories, Burlingame, CA, USA). Stained cells were
subsequently analyzed on a FV1000 confocal laser micro-
scope (Olympus). Images were processed for presentation
using Photoshop CS5 software (Adobe Systems, San Jose,
CA, USA). For cell counting, aggregates stained for lami-
nin were randomly picked and imaged with a 60-fold
objective lens. Laminin-immunopositive cells were counted
using Image J 1.43u software (National Institutes of Health,
Bethesda, MD, USA). Data are presented as a percentage of
the total number of DAPI-positive cells in each group
(n=5-10, data are from 2—3 cultures).

Quantification of mRNA levels by real-time PCR

One hundred to 150 cell aggregates were collected
from 3D cell culture, and total RNA was extracted using an
RNeasy mini-kit and RNase-free DNase set according to
the manufacturer’s instructions (Qiagen, Hilden, Germany).
cDNA was synthesized using the PrimeScript RT reagent
kit (Takara Bio, Otsu, Japan) with oligo-(dT),, primer (Life
Technologies). Quantitative real-time PCR (ABI PRISM
7900HT; Applied Biosystems, Foster City, CA, USA) was
performed using gene-specific primers and SYBR Premix
Ex Taq (Takara Bio) containing SYBR Green I (n=4-5).
Primers were designed for rat laminin ol (LAMAL:
NM_001108237.2): forward 5'-TTG ACC TCC ACG GAG
TTT TC-3' and reverse 5'-ATG GGA ATG AAA GAC
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GCT TG-3' (product size: 133 bp). For internal calibration,
mRNA transcribed from the standard gene encoding B-actin
(NM _031144.3) was used: forward 5'-TGG CAC CAC
ACT TTC TAC AAT GAG C-3' and reverse 5'-GGG TCA
TCT TTT CAC GGT TGG-3' (product size: 106 bp).

Statistical analysis

All results are presented as meantSEM. Unpaired
two-tailed Student’s #-test or Dunnett’s test was performed
using Prism version 6.0 (GraphPad Software, San Diego,
CA, USA). A P value of <0.05 was considered to indicate
statistical significance.

III. Results

Effect of FS cells on laminin deposition

Anterior pituitary cells were cultured in a hanging
drop with FS cells (5-20%) or without FS cells (0%) for

0% 5%

Fig. 1.

5 days. In the presence of FS cells, cell aggregates had
a round/oval shape with a smooth outer layer (Fig. 1b—d).
In the absence of FS cells, however, the aggregates had
an amorphous, irregular shape (Fig. la). Individual cells
were identifiable at the fringe of these aggregates (Fig.
la), which was not the case for aggregates containing FS
cells (Fig. 1b—d). FS cells expressing GFP were inter-
connected homotypically by their cytoplasmic processes in
the aggregates (Fig. 1f~h). To examine the effect of FS
cells on laminin deposition, we stained the aggregates for
laminin. Filamentous and intermittently dot-like laminin
staining was observed in the extracellular space when
aggregates were cultured with FS cells (Fig. 1j, k, 1, n, o,
p). Little or no laminin deposition was observed in the
extracellular space of FS cell-deficient cell aggregates
(Fig. 1i, m). Instead of extracellular laminin deposition,
laminin-immunopositive cells were present at low concen-
trations of FS cells (Fig. 11, j, m, n, arrowheads). As shown

10% 20%

Immunofluorescence of laminin in 3D cell aggregates with different proportions of FS cells (0%-20%). Cell aggregates were fixed 5 days after

plating and stained with laminin antibody. The top panels are phase-contrast images of cell aggregates superimposed on fluorescence images of FS cells
(a—d). FS cells expressing GFP are shown in green. During the 5-day culture, amorphous aggregates were observed in the absence of FS cells (a). In
the presence of FS cells, the cells formed round or oval aggregates with a smooth outer layer (b—d). The confocal images of FS cells and laminin
immunofluorescence are shown in e~h and i-l, respectively. The bottom panels show merged images (m—p; FS cells, green; laminin, red; DAPI, blue).
Extracellular laminin deposition was observed as the number of FS cells increased (k, 1, 0, p), while laminin-immunopositive cells (arrowheads)
decreased as the number of FS cells increased (i, j, m, n). Bars=100 pm (a—d) and 10 um (e-1).
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Fig. 2. Percentage of laminin-immunopositive cells in cell aggregates by
the proportion of FS cells (n=5-6, mean+SEM). Cell aggregates were
fixed 5 days after plating and stained with laminin antibody. The num-
ber of laminin-immunopositive cells was counted and normalized by
the total number of cells (DAPI). Laminin-immunopositive cells
decreased as the proportion of FS cells increased. The proportion of
laminin-immunopositive cells in FS cell-deficient cell aggregates (0%
FS cells) significantly differed from that in cell aggregates containing
5%, 10%, and 20% FS cells (*p<0.05, Dunnett’s test).

in Figure 2, the proportion of laminin-immunopositive cells
decreased as the proportion of FS cells increased. The pro-
portion in cell aggregates containing 5-20% FS cells was
significantly different from that in FS cell-deficient cell
aggregates (¥*p<0.05).

Identification of laminin-immunopositive cells

To identify laminin-immunopositive cells, FS cell-
deficient cell aggregates were stained for laminin and either
a pituitary hormone or the vascular endothelial cell marker
isolectin B4. Laminin-immunopositive cells stained for
LHp (Fig. 3a) but not for GH, ACTH, prolactin, TSHf, or
isolectin B4 (Fig. 3b—f).

Effect of FS cells on laminin synthesis and release
Ramadhani et al. [16] found that only gonadotrophs
produce laminin containing the al chain (Lamal) in the
anterior pituitary of adult rats. Thus, we investigated the
effect of FS cells on Lamal expression. mRNA expression
of Lamal did not change in relation to the presence or
absence of FS cells (Fig. 4). We next examined whether FS
cells induce laminin release from gonadotrophs. FS cell-
deficient cell aggregates were cultured in media supple-
mented with 10% or 20% FS cell-conditioned medium for
5 days and stained for laminin (Fig. 5). Dot-like extra-
cellular laminin deposition was observed when cultured
with FS cell-conditioned medium (Fig. Se, f, h, i, arrow-
heads). However, unlike cell aggregates containing FS
cells (Fig. 1j, k, 1, n, o, p), FS cell-deficient aggregates
cultured with FS cell-conditioned medium did not display
filamentous laminin staining. The proportion of laminin-
immunopositive cells was lower when cultured with FS
cell-conditioned medium (Fig. 6). The proportion in cell
aggregates cultured with normal media (0%) differed

b
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Fig. 3.
deficient cell aggregates. Cell aggregates with no FS cells were fixed 5
days after plating and co-stained with laminin antibody and either a
hormone antibody (a—e) or isolectin B4 to stain vascular endothelial
cells (f). Laminin is shown in green. Hormones and isolectin B4 are
shown in red. Laminin-immunopositive cells were co-localized only

Identification of laminin-immunopositive cells in FS cell-
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Fig. 4. Relative mRNA concentration of laminin al chain (Lamal),
evaluated by quantitative real-time PCR. The white and gray bars repre-
sent cell aggregates without FS cells (0%) and with FS cells (5%, 10%,
and 20%), respectively (n=4-5, mean+SEM). The concentrations were
normalized with B-actin mRNA concentration. The expression level of
Lamal mRNA did not significantly differ in relation to the presence or
absence of FS cells.

significantly from those in cells cultured with FS cell-
conditioned medium. However, there was no significant
difference between the proportions for 10% and 20% FS
cell-conditioned media.
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Fig. 5.

Immunofluorescence of laminin in FS cell-deficient aggregates cultured with different concentrations of FS cell-conditioned medium (CM; 0%—

20%). Cell aggregates were fixed 5 days after plating and stained with laminin antibody. The top panels show phase-contrast images of cell aggregates
(a—c). The middle and bottom panels show confocal images of laminin immunofluorescence (d—f) and merged images (g—h; laminin, red; DAPI, blue),
respectively. Dot-like extracellular laminin deposition (arrowheads) was observed in cell aggregates cultured with FS cell-conditioned medium (e, f, h,

i). Bars=100 um (a—c) and 10 um (d-f).
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Fig. 6. Percentage of laminin-immunopositive cells in FS cell-deficient
aggregates cultured with different concentrations of FS cell-conditioned
medium (n=10, mean+SEM). The number of laminin-immunopositive
cells was counted and normalized by the total number of cells (DAPI).
The proportion of laminin-immunopositive cells decreased when cul-
tured in FS cell-conditioned medium. The proportion of laminin-
immunopositive cells in cell aggregates cultured with normal medium
(0%) was significantly different from that in cells cultured with FS cell-
conditioned medium (*p<0.05, Dunnett’s test).

IV. Discussion

This study of 3D cell cultures of rat anterior pituitary
cells revealed the importance of FS cells in the formation of

cell aggregates, laminin release from gonadotrophs, and
extracellular deposition of laminin. We also found that a
humoral factor secreted from FS cells promoted laminin
release from gonadotrophs.

Recently, we developed a 3D cell culture that utilizes a
hanging drop method and showed that FS cells formed a
3D meshwork by interconnecting with other FS cells and
that laminin formed string-like ramifying fibers in the
extracellular space during cell aggregate formation [21].
Because cell aggregates became more regularly shaped
with the concomitant development of the FS cell meshwork
and laminin deposition, it is likely that this architecture is
important in supporting the structure of the anterior pitui-
tary. The present study examined the involvement of the FS
cell meshwork and laminin deposition in cell aggregate for-
mation. First, to test whether the FS cell meshwork is
required for cell aggregate formation, we cultured anterior
pituitary cells in the presence or absence of FS cells. As
shown in Figure 1, amorphous cell aggregates were formed
in the absence of FS cells, which contrasted with the forma-
tion of round/oval cell aggregates in the presence of FS
cells. The results thus suggest that FS cells are important
for cell aggregate formation and that the lack of the FS cell
meshwork is a causative factor in the amorphous cell
aggregates that formed in the absence of FS cells.

We then used immunohistochemical techniques to in-
vestigate whether laminin is deposited in FS cell-deficient
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cell aggregates. Intriguingly, laminin was not deposited in
the extracellular space in the absence of FS cells (Fig. 1).
Although there have been several studies on the effects of
laminin on FS cells [7, 9-11, 19], this is the first report of
an inverse effect, namely, that FS cells are required for
laminin deposition.

Furthermore, we observed laminin-immunopositive
cells in FS cell-deficient cell aggregates, and the proportion
of laminin-immunopositive cells decreased as the number
of FS cells increased (Figs. 1, 2). We speculated that lami-
nin molecules accumulated within cells cultured without FS
cells. Our previous research showed that laminin was pro-
duced by gonadotrophs and vascular endothelial cells [16].
We therefore performed double-immunostaining to identify
laminin-immunopositive cells. Laminin-immunopositive
cells were co-stained with LHpB only (Fig. 3) and were thus
gonadotrophs rather than vascular endothelial cells.

In the next experiment, we investigated why the
removal of FS cells causes laminin accumulation in gonad-
otrophs. The results indicated that laminin accumulation
was caused by increased laminin synthesis in gonadotrophs
and/or decreased laminin release from gonadotrophs. To
test whether removal of FS cells increases laminin synthe-
sis, we measured laminin mRNAs by real-time PCR. How-
ever, mRNA level was unchanged by removal of FS cells
(Fig. 4), suggesting that removal of FS cells did not inter-
fere with mRNA synthesis of laminin in gonadotrophs. To
examine the effect on laminin release from gonadotrophs,
we tested the hypothesis that a humoral factor and/or direct
cell-cell contact are required for laminin release from
gonadotrophs. We used FS cell-conditioned medium to test
whether a humoral factor promotes laminin release. The
results showed (Fig. 5) that FS cell-conditioned medium
decreased the proportion of laminin-immunopositive cells,
which suggests that a humoral factor contained in the FS
cell-conditioned medium is required for laminin release
from gonadotrophs. However, an additional increase in the
proportion of FS cell-conditioned medium (from 10% to
20%) did not further decrease the proportion of laminin-
immunopositive cells. Therefore, the possibility that direct
cell-cell contact between FS cells and gonadotrophs is also
involved in laminin release cannot be excluded. Identifica-
tion of the humoral factor will be necessary in order to
understand in detail the mechanism underlying FS cell-
dependent laminin release.

Interestingly, this study showed that the string-like
ramifying structure of laminin deposition, which is nor-
mally observed in aggregates containing FS cells, was not
reproduced by addition of FS cell-conditioned medium
(Figs. 5, 6). This finding suggests that factors other than a
humoral factor are required for laminin deposition. In
general, a single laminin molecule is deposited after self-
assembly [5, 23]. Although the mechanism of laminin self-
assembly is not fully understood, Colognato and Yurchenco
[1] reported that integrins, that is, laminin receptors, are
required for laminin self-assembly. Our previous study

showed that FS cells expressed several integrins [9]. Thus
loss of contact with integrins might impair laminin deposi-
tion in FS cell-deficient cell aggregates. Therefore, FS cells
might be important in extracellular laminin self-assembly
and in laminin release from gonadotrophs.

Our previous study showed that vascular endothelial
cells produce other laminin isoforms in the anterior pitui-
tary gland [16]. However, unlike gonadotrophs, vascular
endothelial cells of FS cell-deficient cell aggregates did not
display cytoplasmic accumulation of laminin (Fig. 3). In
addition, the mRNA level of the laminin isoform expressed
in vascular endothelial cells (the a4 chain) was not altered
by removal of FS cells (data not shown). Therefore, it
appears that FS cells do not influence laminin synthesis or
release from vascular endothelial cells.

In conclusion, our results suggest a novel function of
FS cells: that they regulate laminin release from gonad-
otrophs through a humoral factor and subsequent laminin
assembly. Because a variety of ECM components other
than laminin are present in the anterior pituitary gland,
future studies should examine whether FS cells are in-
volved in regulating other ECM components, such as colla-
gens.
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