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Abstract

Mast cells are found in connective or mucosal tissues of the
body, and play an important role in allergic reactions as well as the
inflammatory and immune responses. Because mast cells produce
and secrete a large number of mediators, as their functions and
mechanisms are complex. Mast cells possess a unique feature of
presenting diverse phenotypes that are dependent on the tissue
microenvironments during their maturation in vivo. Therefore we
advocate that non-tumor cells are more desirable than tumor cells
such as Rat Basophilic Leukemia cells (RBL-2H3) and Human Mast
Cells (HMC-1) for determining the changes in the character of mast
cells in vivo. We previously reported a new non-tumor mast cell line,
NCL-2, and described the morphological and proliferative changes
occurring in mast cells growing on Honeycomb-like Films (HCF)
using NCL-2 cells. In the present study, we compared the changes
in the proliferation pattern and morphology between NCL-2 and
RBL-2H3 cells as well as in the spontaneous release of histamine
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and Leukotriene B4 (LTB4) from these cells cultured on HCF as
the surrounding micro environment. Compared with RBL-2H3 cells,
which have been most frequently used for mast cell research, NCL-2
cells displayed increasing floating cells, multinuclear formation, and
no changing of histamine release but decreasing LTB4 release, on
the HCFs. Hence, we are convinced that HCF plays different roles
as physical stimuli for the spontaneous release of histamine and
LTB4 from NCL-2 and RBL-2H3 cells. HCF has huge potential for
use in the new therapeutic treatment of allergy and inflammation by
inhibiting the function of mast cells.

Keywords: Histamine; Honeycomb-like Film (HCF); Leukotriene B4
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Introduction

Mast cells play an important role in allergic reactions as well as in
the inflammatory and immune responses [1,2]. Mast cell self-protec-
tion during an immune response can lead to inflammatory diseases
and allergic diseases owing to excessive reactions [3,4]. As mast cells
are hematopoietic cells, unlike other blood cells, they migrate to the
peripheral tissues as immature progenitors and differentiate into
mature mast cells [5,6]. One of the unique features of mast cells
includes demonstration of diverse phenotypes depending upon the
tissue microenvironment during their maturation in vivo [7].

Cell lines for mast cell culture have been established from tumor
cells including Rat Basophilic Leukemia cells (RBL-2H3) and Human
Mast Cells (HMC-1). Although non-tumor mast cells can be
differentiated from Bone Marrow-derived Mast Cells (BMMCs)
precursors in vitro [8], these non-tumor mast cells cannot be
maintained in culture as cell lines. But non-tumor cells seem more
preferable for studying the alterations of the properties of mast cells
in vivo. Therefore, we had studied the morphological and proliferation
changes in mast cells using new autonomous proliferative non-tumor
mast cells, NCL-2 cells, on Honeycomb-like Film (HCF) [9].

In recent years, several studies have reported the behaviors of cells
on biomaterials [10-12]. For example, cell proliferation, adhesion
and morphological changes have been reported to be affected by
different materials [13-15]. It is also possible to produce a physical
microenvironment based on the design shape, mechanical properties,
and surface topology of biomaterials [16-19]. Mitragotri et al.,
reported that the narrow specifications of elastic moduli create
mechanically defined microenvironments that effectively support the
development of cellular architecture [20].

The research on inflammatory and immune responses or allergic
reactions has advanced in studies involving mast cells. However,
studies on the morphological and functional changes in mast cells
influenced by the microenvironment or the surrounding circumstanc-
es are limited.

Among the mediators secreted by mast cells, histamine is secreted
via degranulation through exocytosis during allergic and anaphylactic
responses, whereas specific mediators are secreted through differen-
tial release without degranulation in inflammatory diseases [21,22].
For instance, biogenic amines (e.g., histamine), chemokines, enzymes
(e.g., chymase and tryptase), peptides (e.g., corticotrophin-releasing
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factor and Substance P [SP]), and proteoglycans (e.g., chondroitin
sulfate and heparin) are produced and stored in mast cells and
released via degranulation. In contrast, cytokines (e.g., Tumor
Necrosis Factor [TNF]-a) and arachidonic acid products (e.g.,
Leukotriene B4 [LTB4]) are synthesized de novo and then released
[22].

Mast cells are distributed differentially in different organs such as
nose, lung, digestive tract, and brain with different densities. Based
on characteristics of the body parts where the mast cells are localized,
these cells may alter the secretory pathway or the types of mediators
employed [23]. Because two types of mediators, ie., preformed
mediators (e.g., histamine, heparin, serotonin, and SP) and
de novo-synthesized mediators (e.g., TNF-a, LTB4, and interleukin),
are released upon the activation of mast cells [24], we speculated that
mast cells are stimulated not only by chemicals and antigen but also by
the physical environment in vivo.

In this study, therefore, to find the property of non-tumor mast
cells stimulated by extracellular physical microenvironment, we
examined the different type of mast cells, NCL-2 and RBL-2H3 cells,
that were cultured on HCF with different-sized pores as the culture
substrates. This report presents, for the first time, the changes in the
spontaneous release of mediators (i.e., histamine, LTB4) and the
resultant morphology of both of the cell types.

Materials and Methods
Preparation of HCF

Porous HCFs composed of polystyrene were fabricated using water
droplets as templates for regular pores. Briefly, polystyrene, didecyl
acrylamide, and w-carboxyhexylacrylamide (CAP) (10:1 %wt) were
dissolved in chloroform at a concentration of 5 g/L, and the polymer
mix was layered onto glass cover slips in a humid environment. The
pore sizes were regulated by changing the casting conditions (i.e.,
temperature, humidity, gas flow rate, casting volume, and casting
concentration) of the polymer solution [14,25]. Three pore sizes of
3, 5, 10 um-HCF were fabricated and used in this experiment.

Cell lines

RBL-2H3 cells are a basophilic leukemia cell line derived from
the peripheral blood of rats. These cells were provided by Tohoku
University.

NCL-2 cells are non-tumor cells derived from the bone marrow of
NC [Cinnamon (C) coat-colored Nishiki (N)] mice, which are used
as a model for atopic dermatitis. These cells, which were isolated by
Hide et al., at the Hiroshima University, Japan, in 2006, can proliferate
autonomously without self-phosphorylation of c-kit receptors
[9,26,27]. NCL-2 cells express high-affinity IgE receptors (FceRI) and
release histamine, p-hexosaminidase, triptase, interleukin-6, TNF-a,
and LTB4 through stimulation of FceRI or other stimuli [27]. NCL-2
cells maintain the characteristics of mucosal mast cells carried from
the bone marrow mast cells of NC mice, such as showing positive
Alcian blue staining, negative safranin staining, decreased histamine
levels, and no response to SP [27].

Cell culture

RBL-2H3 and NCL-2 cells were cultured in Minimum Essential
Medium a (MEMa; Gibco, USA) supplemented with 10% Fetal Calf
Serum (FCS; Thermo, Japan), 2 mM glutamine, 100 IU/mL penicillin
G, and 100 mg/ml streptomycin (complete MEMa), as well as 50 pM
2-mercaptoethanol for NCL-2 cells only.
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These cells were maintained at 37°C in a 5% CO,-containing
atmosphere. Polystyrene film rounds (15 mm diameter) were set in
24-well plates and sterilized with 99.5% alcohol. The films were either
flat (without a honeycomb-like structure) or porous with a pore size
of 3, 5, or 10 pm. The cells were cultured on these round films in
24-well plates.

Measurement of cell numbers

Cells were seeded at a density of 1 x 10° cells/mL, and incubated
for 1 week on glass cover slips and polystyrene films (flat films or
3, 5, or 10 um pore-sized HCF), following which the growth rates of
the adherent and suspended cells were quantified.

One week after seeding, the cells in the suspensions were
collected in all suspensions and counted using a hemocytometer and
a phase-contrast microscope (n=4). Next the number of adherent cells
on each HCFs was counted ten times at five random points (NCL-2
cell: 0.32 x 0.32 mm? area, RBL-2H3 cell: 0.316 x 0.316 mm? area,
respectively) on one sheet under a Confocal Laser-scanning
Microscopy (CLSM; n=2) [9]. Lustrous round cells in the suspensions
and DAPI stained clear cells adhered on the films were recognized
alive and counted manually through a phase-contrast microscope and
a CLSM, respectively.

Confocal laser-scanning microscopy observations

To observe the morphology and adhesive state of the cells, cells
cultured on films for 1 week were subjected to immunofluorescence
staining. These cells were washed with PBS and then fixed in 4%
paraformaldehyde-PBS (Wako Pure Chemical Industries, Ltd., Japan)
for 10 min at 37°C. The cells were subsequently washed with PBS for 10
min and permeabilized through three 10 min washes with 1% Triton
X-100 (MP Biomedicals, LLC, USA) in PBS. After three 10 min
washes with 0.02% Tween 20 in PBS, the cells were stained for 1 hr
with a mouse anti-vinculin monoclonal antibody (1/100 dilution;
Millipore, Temecula, USA) at 37°C. The stained cells were then rinsed
three times with 0.02% Tween 20 in PBS for 10 min each. Next,
in a dark room, the cells were stained for 1 h with an Alexa Fluor
546-labeled goat anti-mouse IgG antibody (1/1000 dilution;
Molecular Probes, USA) and Alexa Fluor 488-labeled phalloidin
(1/1000 dilution; Molecular Probes, USA) at 37°C. After three
10 min washes with 0.02% Tween 20 in PBS, all samples were
transferred to slides with a prolonged gold antifade reagent and
4,6-Diamidino-2-Phenylindole (DAPI; Molecular Probes, USA), and
glass cover slips were applied and sealed with fingernail polish. The
excitation wavelength of the CLSM (Olympus FV1000; Japan) was set
to 488 nm, and a 546 or 568 nm filter was used to collect the emitted
light. Images were acquired by using FV10-ASW software, version 1.7.

The CLSM observations showed the anti-vinculin antibody,
phalloidin, and DAPI stains representing focal adhesion molecules
(red), F-actin (green), and nuclei (blue), respectively.

Scanning Electron Microscopy (SEM) observations of
NCL-2 and RBL-2H3 cells

After NCL-2 and RBL-2H3 cells were cultured for 1 week, the
suspended cells on the each film were subsequently fixed in 1%
glutaraldehyde in Phosphate-buffered Saline (PBS) (MP Biomedicals,
LLC.) overnight at 4°C. Then, the cells were rinsed in PBS for 10 min.
Subsequently, the sample was dehydrated in a graded ethanol series
and air-dried. The dried samples were mounted on aluminum stages
with tape and coated with palladium gold using an ion sputter coater
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Figure 1: As a result, the number of floating NCL-2 cells significantly increased, whereas that of RBL-2H3 cells significantly decreased on the HCFs. On the other
hands, both the number of adherent cells increased gradually on the polystyrene films, prefer HCFs to flat film. This result reveals that the proliferation properties of
these mast cell lines are different. One of the reason those above is that NCL-2 cells have floating property, and RBL-2H3 cells have adhesive property, respectively.

(JEOL, JFC-1200 fine coater). All samples (n = 4) were observed by
SEM (Hitachi SU 8000).

Measurement of spontaneous histamine release

After 1 week of culture, the cells were suspended and centrifuged
at 1400 g (3,000 rpm) for 3 min. The histamine spontaneously released
into the cell supernatant was measured by using an Enzyme
Immunoassay (EIA) kit (A05890-96 wells; SPI-BIO; Bertin Pharma,
USA). This EIA kit functions on the principle of competition between
unlabeled, derivatized histamine and Acetylcholinesterase (AChE)

linked to histamine (tracer) for a limited number of specific mouse
anti-histamine antibody sites. The absorbance was read at 405 nm on
a micro plate absorbance spectrophotometer (Bio-RAD, USA).

Measurement of spontaneous LTB4 release

We measured the LTB4 that was spontaneously released into
the cell supernatant by using an EIA kit (ADI-900-068; Enzo Life
Sciences, USA). This EIA kit employs a polyclonal antibody against
LTB4 to competitively bind either the LTB4 in the sample or an
alkaline phosphatase molecule covalently attached to LTB4. After

P

Figure 2: The CLSM images of NCL-2 cells stained immunofluorescently for actin, vinculin, and DAPI (nuclei) on glass cover slips, flat films, and on 3, 5, or 10 ym
HCF. The CLSM images for actin, vinculin, and DAPI are represented in green, red, and blue, respectively. Many NCL-2 cells were observed as spherical cells on
every film, and multinuclear formation was observed on the only 3 and 5 um HCF. Scale bars = 10 ym.
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Figure 3: The CLSM images of RBL-2H3 cells stained immunofluorescently for actin, vinculin, and DAPI (nuclei) on glass cover slips, flat films, and 3, 5, or 10 ym
HCF. The CLSM images show for actin, vinculin, and DAPI are represented in green, red, and blue, respectively. Many RBL-2H3 cells were found to display
adherent pseudopodia (white arrowhead) on cover slip and flat films. Stronger expression of vinculin (white arrow) was observed on cells attached to HCFs in
comparison with cells adhering to the flat glass cover slip and flat film. Scale bars = 10 ym.

incubation at room temperature, the excess reagents were washed off,
the substrate was added, and incubated for 2 hr, following which the
enzyme reaction was stopped and the absorbance was read at 405 nm
on the micro plate absorbance spectrophotometer.

Statistical analysis

Data were expressed as the mean + Standard Deviation (SD), as
indicated in the figure legends. Multiple groups were analyzed by
one-way Analysis of Variance (ANOVA) followed by Tukey’s test for
parametric data. Values of *p < 0.05 and **p < 0.01 were considered
significant.

Results

Proliferation on flat film and HCF of different pore sizes

In this experiment, physical stimulation was provided by using
an extracellular matrix for mast cells rather than by using a chemical
stimulus such as DNP-HAS, HgCl,, or Ca?* ionophores [28,29]. Using
this method, we investigated the properties of two types of mast cells,
NCL-2 and RBL-2H3, in different microenvironments in vitro.

Examination of the proliferation of endothelial cells on HCF of
different pore sizes revealed that the increase in the number of
adherent cells was high on an HCF with a pore size of 5 um [14].
Therefore, we designed the experimental protocol for pore sizes 3 and
10 pm, in addition to that of 5 um.

The number of floating NCL-2 cells on the polystyrene films was
more than that on the glass cover slips, further even on the same
polystyrene films, the number of floating NCL-2 cells on HCFs were
more than that on flat film (Figure 1A). Whereas, the number of
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floating RBL-2H3 cells on the polystyrene films gradually decreased in
comparison with that on glass cover slips, with significant reduction
on the 10 um HCF (Figure 1B). However, both numbers of
adherent NCL-2 and RBL-2H3 cells gradually increased on the
polystyrene films as compared with those on the glass cover slips, with
the greatest increase on 10 um HCF (Figures 1A and B). The number
of adherent RBL-2H3 cells was higher than that of adherent NCL-2
cells.

CLSM observations of adhered cells on the culture substrate

Due to the adherence of the cells to the culture substrate, under
CLSM, the NCL-2 cells on the 3 and 5 pm HCF were multinucleated
and appeared slightly larger than the cells adhered onto the glass cover
slips and the flat films (Figure 2). This finding suggests that NCL-2
cells can extend along the structure of films with pores [9].

RBL-2H3 cells that adhered to the glass cover slips and flat films
revealed many pseudopodia formation. However, on the HCFs, the
adhering RBL-2H3 cells formed fewer pseudopodia, and most of
the RBL-2H3 cells on the HCF were spherical and did not exhibit
multinuclear formation. Whereas stronger expression of vinculin
on each HCF were observed on RBL-2H3 cells in close attaching
each other, compared with that on flat glass cover slip and flat film
(Figure 3).

Greater numbers of adhering NCL-2 and RBL-2H3 cells were
observed on the 10 um HCF (Figures 2 and 3). In addition, greater
number of small cells from both the cell lines entered into the pores
of the 10 pum HCF than that adhered onto the films. Because the sizes
of the mast cells are almost less than 10 um, these small cells were
assumed to be spherical shape into the 10 pm pore size of HCE.
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Figure 4: SEM images of NCL-2 and RBL-2H3 cells on glass cover slips, flat films, and 3, 5, or 10 ym HCF. Scale bars=10 pm.

As a result, CLSM revealed that the adherent NCL-2 cells
demonstrate an altered morphology (multinuclear formation) based
on the pore sizes of the HCF. However, these cells were not influenced
by the different materials (between flat glass cover slip and flat
polystyrene film). Whereas the adhesive RBL-2H3 cells showed
morphological changes to pseudopodia formation or spherical
shape depending on flat or honeycomb like structure. These findings
demonstrated that the morphological properties of the each mast cell
line are influenced by the differences on the extracellular substrates
and structures.

SEM observations of adhered cells on the culture substrate

Figure 4, shows SEM images of 1 week culture of NCL-2 and
RBL-2H3 cells on the each film. Smaller NCL-2 cells cultured on 10
pum HCEF entered into the HCFs. Some RBL-2H3 cells attached to the
3 and 5 pum HCF with growing pseudopodia along the rims of holes.

The concentration of histamine released from RBL-2H3 cells
was the same on the glass cover slips and flat films. However, this
concentration gradually increased with the increase in the pore
sizes of the HCF (Figure 5B). Although the films with flat and
honeycomb-like structures were composed of the same polystyrene,
the concentration of histamine on the HCF increased 137% to 305%
in comparison with that observed on flat films without pores.

As a result, the spontaneous release of histamine from NCL-2
cells was not altered by the difference in the material or structure of
the substrate. However, the release of histamine from RBL-2H3 cells
on HCF was influenced gradually by the honeycomb-like structure,
despite using the same material (polystyrene) as a substrate.

Measurement of spontaneous LTB4 release

The concentration of LTB4 spontaneously released from NCL-2
cells into the cell suspension was somewhat higher on the flat films
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incubation for 1 week on the culture substrate (n=4). A: NCL-2 cells, B: RBL-2H3 cells. The data are expressed as the mean + SD.
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Measurement of spontaneous histamine release

Owing to its property as an important mediator in the allergic
reaction and inflammatory responses, histamine is used as an
indicator in the functional analysis of mast cells. The observed
differences in the concentrations of histamine spontaneously released
from NCL-2 cells were not significant into the cell suspensions
of different materials (glass or polystyrene) or structures (flat or
honeycomb-like structures) of culture substrates (Figure 5A).
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than on the glass cover slips; however, this concentration tends to
reduced on HCFs with pores. The concentration of LTB4 released
from NCL-2 cells was reduced to 63% on the 3 and 5 pm HCFs and
to 57% on the 10 um HCEF relative to that on the flat film (Figure 6A).
However, the concentration of LTB4 released from RBL-2H3 cells
was not significantly different among the tested films (Figure 6B). The
spontaneous release of LTB4 from NCL-2 cells was influenced by the
difference in the material structure, while the spontaneous release of
LTB4 from RBL-2H3 cells was influenced by the difference of neither
material substrate nor structure.
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Discussion

To investigate the functional differences in these cell lines, we
measured the spontaneous release of histamine and LTB4 from
the NCL-2 and RBL-2H3 cells. Histamine is a pre-formed, stored
mediator in mast cells, whereas LTB4 is a mediator synthesized de novo
upon stimulation [1,22]. Histamine is the predominant, granule-asso-
ciated mediator of acute reactions to mast cell activation. However,
when mast cells are not activated, histamine is sequestered in mast cell
granules by proteoglycans, such as heparin and chondroitin E [30].
While LTB4, a bioactive eicosanoid, is generated and released almost
simultaneously along with granule-associated mediators through the
receptor-mediated activation of Phospholipase (PL) A2 [30].

We previously reported that HCF selectively down-regulated the
release of TNF-a, LTB-4, and (to a lesser extent) SP, but not histamine.
Attachment to HCF might have a greater effect on TNF-a and LTB-4
release because these molecules are synthesized de novo, whereas
histamine and SP are pre-formed and stored in granules [31].

Our findings in this study suggest that pre-stored, granule-associ-
ated mediators and de novo-synthesized mediators possess different
release patterns between these two types of mast cell lines and that
they are stimulated by the extracellular matrix, i.e., by the different
culture substrates and structures. This distinctive feature of release
mediators may be concerned with cell-property. Cell proliferation on
flat film and HCF of different pore sizes, and morphological change of
adhered cells on the HCE, were quite different between two mast cell
lines although they are mimic in vivo mast cells.

We are convinced that HCF plays different roles as physical stimuli
for the spontaneous release of histamine and LTB4 from NCL-2 and
RBL-2H3 cells.

Engler et al, [32] studied matrix stiffness and reported that
mesenchymal stem cells showed strikingly different morphologies
when cultured on polyacrylamide substrates with varying
elasticities [32]. Thus, different materials, structures, surface
topologies, and hardness’s constitute the physical factors in culture
substrates that influence cells [33,34]. In addition, when cells adhere
to the culture substrate, cell information is transferred through
integrins [17,35,36]. In particular, Focal Adhesion Kinase (FAK)
transmits integrin- and/or receptor-dependent signals, leading to the
control of cell motility, adherence, proliferation, and the prevention
of cell from activating the apoptotic process [35]. In our study also;
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vinculin was expressed highly on the RBL-2H3 cells that attached to
other cells on HCFs.

Concerning the adhesion between the HCFs and mast cells, we
speculated that special proteins such as FAK may be involved in
the transfer of information. Therefore, we suggest that proteins are
expressed specifically on mast cells due to their adhesion to the HCFs.

Conclusion

Because NCL-2 cells are non-tumor mast cells, we recommend the
use of this cell line for mast cell research. Compared with RBL-2H3
cells which are the most frequently used for mast cell research, NCL-2
cells displayed the differences in the mode of floating cell proliferation,
morphological alterations, and the release of histamine and LTB4 on
various size of HCFs. Differences in the materials and pore sizes of
HCEF can affect these phenomena. We believe that understanding the
changes in the function and morphology of NCL-2 cells influenced by
HCEF is critical because HCF has potential for use as a new therapeutic
treatment method for allergy and inflammation.
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