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ABSTRACT

Chediak-Higashi syndrome is a rare autosomal recessive disease that causes hypopigmentation, recurrent infections, mild coagulation defects and neurological
problems. Beige mice carry a mutation in the lysosome trafficking regulator (LYST) gene and display some of the key characteristics of human Chédiak-Higashi
syndrome, in particular, a high susceptibility to infection due to aberrant natural killer (NK) cell and polymorphonuclear leucocyte function. Morphological analysis
of beige mice reveals the presence of enlarged lysosomes in a variety of cell types, including leucocytes, hepatocytes, fibroblasts and renal tubule cells. To examine
the process of granule maturation and degranulation in beige mice mast cells, morphological studies have been conducted using a combination of electro-
physiological techniques; however, few functional studies have been conducted with mast cells, such as mediator release. The aim of the present study was to
determine the morphological and functional characteristics of skin and peritoneal mast cells and bone marrow-derived mast cells of homozygous (bg/bg) and
heterozygous (bg/ +) beige mice and wild-type (+/+) mice. The histamine concentration was lower in the peritoneal and bone marrow-derived mast cells of bg/bg
mice compared with those of bg/+ and +/+ mice, but the histamine release response was potentiated. In vivo studies of passive cutaneous anaphylaxis showed no
differences between bg/bg mice and either bg/+ or +/+ mice. Although bg/bg mast cells with enlarged granules display specific exocytotic processes in vitro, the

consequences of mast cell activation in beige mice were similar to those of wild-type mice in vivo.

1. Introduction

Chédiak-Higashi syndrome (CHS) is a rare autosomal recessive ge-
netic disorder, which manifests as partial albinism, abnormally en-
larged granules in various cell types, mild coagulation defects and
neurological problems [1,2]. Susceptibility to infection is mainly due to
polymorphonuclear leucocyte dysfunction, such as impaired phagoly-
sosomes and chemotaxis [3].

The beige mouse and rat are established animal models for CHS
because their phenotype and pathophysiology are extremely similar to
those of human CHS [4]. Human CHS is caused by a mutation in the
CHS1/lysosomal trafficking regulator (LYST) gene, the human orthologue
of the mouse LYST gene [5]. LYST is a member of the beige and Cheé-
diak-Higashi (BEACH) family and interacts with proteins that are im-
portant for vesicular transport and signal transduction, including so-
luble N-ethylmaleimide sensitive factor attachment protein receptors
(SNARE)-complex proteins, hepatocyte growth factor-regulated tyr-
osine kinase substrate (HRS), 14-3-3, and casein kinase 2 [6], and
regulates lysosome size by affecting cell fission [7]. Protein kinase C
(PKC) activity is downregulated in polymorphonuclear cells, NK cells,
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and fibroblasts isolated from beige mice [8-11].

Mast cells play a role in acute allergic inflammation, modulating the
release of histamine and other chemical mediators [12]. In beige mice,
enlarged granules are observed within mast cells [13-15]. It was re-
ported that the peritoneal mast cells (PMCs) of beige mice undergo
exocytotic degranulation following stimuli from either IgE-mediated
antigens or degranulation agents [16,17]. Exocytotic degranulation due
to IgE-mediated antigen stimulation has also been demonstrated in
bone marrow-derived mast cells (BMMCs) from beige mice [18]. On the
other hand, enlarged granules from beige mice have been used as tools
to examine cell transplantation and as markers of exocytosis using
morphological and electrophysiological techniques. Kitamura et al.
found that mast cells are derived from bone marrow stem cells, not
from connective tissue origin, by transplanting beige mouse bone
marrow cells into congenic mice; it was easy to recognize the beige
mice mast cells due to their larger sized granules than normal mast cells
[19,20].

Although it was previously reported that histamine release in beige
rat PMCs is abnormally enhanced [21], few studies have examined the
function of beige mouse mast cells. Beige mice with a mutation of the
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LYST/BEACH gene show faint skin colour and are easily discriminated
from congenic wild-type mice, but no reports have shown the pheno-
type of mast cells from heterozygote (bg/+) mice with concurrent
genotyping. Therefore, we sought to confirm the mutation of the LYST
gene in homozygote and heterozygote beige strains accompanied by
morphological and functional studies of mast cells. In the present study,
morphological and functional analyses were performed using skin mast
cells and PMCs, BMMCs of C57BL/6-+/+, -bg/ +, -bg/bg mice, with a
particular focus on histamine concentrations and release. Furthermore,
in vivo studies were conducted to evaluate allergic responses to anti-
genic stimuli in beige mice.

2. Materials and methods
2.1. Animals

C57BL/6-+/+ and C57BL/6-bg/bg mice were purchased from
Japan SLC, Inc. (Hamamatsu, Japan), and each strain was maintained
by mating between the same strains. Heterozygous C57BL/6-bg/ + mice
were obtained by mating male bg/bg mice with female +/+ mice. Male
mice aged between 10 and 16 weeks were used for all experiments. The
animals were housed at a constant temperature of 22 + 2 °C, humidity
of 55 = 10%, and an automatically controlled 12:12 h light-dark cycle,
with lights on at 7:00 A.M. Food and water were provided ad libitum.
This study was performed in accordance with the National Institutes of
Health guidelines for the use of experimental animals. The experi-
mental protocols were in accordance with the guidelines of the Animal
Care Committee of Ehime University and approved by the University
Committee for Animal Research.

2.2. Sequence analysis of the LYST mutation

Genomic DNA was isolated from tail snips of the three strains of
mice using the DNeasy Tissue Kit (Qiagen, Hilden, Germany). Genomic
primers flanking the murine LYST exon 54 (Chromosome 13-
NC_000079.6) were the P3 pair, which are listed in Table 1. cDNA was
synthesized from 1 pg of RNA using Avian Myeloblastosis Virus (AMV)
reverse transcriptase XL and the Takara RNA PCR kit Ver. 3.0 (Takara
Bio, Shiga, Japan) according to the manufacturer's instructions. Specific
oligonucleotide primers (P1(+) pair and P2(—) pair) were designed to
sequence exon 54 according to published sequences (NM_010748.2), as
shown in Table 1. The fragment length derived from the heterozygote
(bg/ +) mice was compared with fragments generated on the reverse
transcriptase reaction from the homozygote (bg/bg) mice and wild-type
(+/+) mice using 3% agarose gel electrophoresis. PCR products were
analysed, and DNA sequence traces visualized with Applied Biosystems
Sequencing Analysis software (Applied Biosystems, Tokyo, Japan).

2.3. Preparation of murine peritoneal mast cells

According to the previously described method [22], PMCs were
isolated by injection of HEPES-buffered Tyrode's solution (pH 7.4) into
the peritoneal cavity, and the abdomen was gently massaged for 90s.
Subsequently, the peritoneal cavity was opened, and mast cell-con-
taining fluid was collected. The collected fluid was centrifuged at

Table 1
The primers for gene sequencing.

Name Sequence (5’ to 3')

P1(+) Forward TGTCATCACAGCCTATACCAAC
Reverse CAGGAGAATGTCAGGCTTATGATG

P2(-) Forward TTTCCCAAATCAAATAAGCCCATA
Reverse GACTTTAATTGGCTAGTGTGTGCA

P3 Forward TCCCTTCCACCTACAATGC
Reverse AGCTGAGTTAAGGGTGACTGC
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450 x g for 5min at room temperature, and the cell pellet was then
resuspended in 2ml PIPES buffer (pH7.2) containing 119 mM NaCl,
5mM KCl, 25 mM PIPES, 5.6 mM glucose, 0.4 mM MgCl,, 1 mM CaCl,,
and 0.1% BSA. PMCs were separated from other cell types by layering
on 3ml of 60% percoll, and centrifuging at 450 x g for 15 min at 4 °C.
After the upper layer containing other components was aspirated and
discarded, the remaining cell pellet of mast cells was washed with 2 ml
PIPES buffer.

2.4. Preparation of bone marrow-derived mast cells

BMMCs were collected from the femur and tibia and differentiated
according to the method reported previously [23]. In brief, BMMCs
were cultured in RPMI1640 medium containing 15% foetal calf serum,
50U/ml penicillin, 50 pug/ml streptomycin, and 5ng/ml IL-3 for
4 weeks and both IL-3 and 10 ng/ml stem cell factor (SCF) for a further
2 weeks in six-well plates.

BMMC maturation was verified by staining with safranin O, and
expression of the FceRI receptor and c-kit receptor was confirmed by
flow cytometry. After the recovered cells were washed with PIPES
buffer, they were attached to glass slides by a cytospin. The specimens
were stained by safranin O after fixing in Carnoy's solution for 30 min
and observed under a light microscope (BZ-9000, KEYENCE, Osaka,
Japan). For blocking of Fc receptors in flow cytometric analysis, the
cells were incubated with an anti-mouse CD32 antibody (eBioscience)
at 1.0 ug per 10° cells in 100 ul volume for 5-10 min on ice prior to
immunostaining. After washing, the cells were incubated with FITC-
labelled anti-mouse FceRI receptor antibody (1:100), PE- labelled anti-
mouse c-kit receptor antibody (1:100), or their respective isotype-
matched control antibodies (all from eBioscience) for 1h at room
temperature. The cells were analysed by a BD FACS Calibur flow cyt-
ometer and CellQuest software (BD Biosciences, NJ, USA), collecting
10,000 cells per sample.

2.5. Histological analysis of ear tissues by light microscopy and electron
microscopy

For light microscope observations, ear skin tissues were rapidly
removed from the mice and cut into 1 cm slices. The specimens were
rinsed for 48 h with 4% paraformaldehyde in 0.1 M phosphate buffer
(pH7.4) at 4°C and embedded in paraffin. Serial 4-um sections were
prepared, and some sections were stained with toluidine blue to high-
light mast cells. Ear skin mast cells were counted individually in each
section.

For visualization under a transmission electron microscope (TEM),
ear skin tissues were immersed in 2.5% glutaraldehyde in PBS over-
night at 4 °C, washed in 0.1 M cacodylate buffer, fixed in 1.5% osmium
tetroxide for 2h at 4°C and then dehydrated in graded ethanol solu-
tions. Ultrathin sections were embedded in epoxy resin and stained with
uranyl acetate and lead citrate. Mast cells in the ear skin were analysed
under a JEM 1230 transmission electron microscope (JEOL Ltd., Tokyo,
Japan).

For scanning electron microscopic (SEM) observations, PMCs and
BMMCs were attached to poly-1-Lysine-coated slides and rinsed for 24 h
with 2% glutaraldehyde in 0.1 M phosphate buffer (pH7.4) at 4 °C.
Samples were rinsed with 0.1 M PBS (pH 7.4) and stained with 1% os-
mium tetroxide and 2% tannic acid (OTO processing). After freeze-
drying with t-butyl alcohol, samples were coated with platinum and
observed under a S-800 scanning electron microscope (Hitachi High-
Technologies, Tokyo, Japan).

2.6. Fluorescence microscopy imaging of FFN206
BMMCs from the three mouse strains were harvested six weeks after

cultivation, washed with PIPES buffer, and incubated with 5uM FFN
206 (Abcam Biochemicals, Cambridge, UK) for 90 min [24]. Analysis
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with confocal microscopy was performed with a Nikon Al equipped
with a filter cube (Ex = 405nm, Em = 425-475nm). The images were
processed with NIS-Elements Advanced Research (Nikon, Tokyo,
Japan).

2.7. Measurement of histamine content in skin tissues, PMCs and BMMCs

For measurement of histamine content, ear skin tissues were quickly
removed, weighed and homogenized in 1 ml of 2.5% perchloric acid
containing 5 mM Na,EDTA with a Polytron homogenizer (Kinematica,
Luzern, Switzerland). The homogenate was centrifuged at 10,000 x g
for 15 min at 4 °C, and 300 pl of supernatant was obtained. After adding
30pl of 2M KOH/1M KH,PO,, the mixture was centrifuged at
10,000 x g for 5min at 4°C, and the histamine concentration of the
supernatant was determined using high performance liquid chromato-
graphy (HPLC)-fluorometry detection, as described previously [25].
PMCs and BMMCs in 0.5 ml of PIPES buffer were sonicated, and 20 pul of
60% perchloric acid was added. After centrifugation at 10,000 x g for
5min at 4°C, the supernatant was applied to HPLC for histamine
measurement.

2.8. Histamine release in BMMCs and PMCs

BMMCs were sensitized with 0.5 pg/ml of mouse monoclonal IgE
against dinitrophenyl (DNP)-BSA for 24 h, washed twice with PIPES
buffer (0.1% BSA, pH 7.2) and preincubated in PIPES buffer at 37 °C for
10 min. BMMCs and PMCs were stimulated with the indicated con-
centrations of DNP-BSA antigen or compound 48/80, respectively, for
30 min. These cells were also stimulated with thapsigargin, a sarco-
endoplasmic reticulum Ca®* ATPase inhibitor (0.5 uM), or ionomycin,
a Ca®* ionophore (1uM), for 30 min. Histamine released into the
medium was measured by HPLC-fluorometry [25]. Net release of his-
tamine from cells was calculated according to the following equation:

Net release(%) = (responsively released histamine

—non—responsively leaked histamine)
/ (total histamine—non—responsively leaked histamine) x 100.

Spontaneous release(%) = leaked histamine/total histamine x 100.

2.9. Vascular permeability and histidine decarboxylase activity after passive
cutaneous anaphylaxis reaction

Passive cutaneous anaphylaxis (PCA) reactions were performed
according to the previously reported method [26]. Mice were sensitized
by intradermal injections of 0.5 pg/ml mouse monoclonal anti-DNP BSA
IgE in one ear pinnae and 50 pl of saline in the other pinnae. After 24 h,
the tail vein was injected with 0.25 ml of a mixture of 0.5% Evans blue
and 1mg/ml DNP-BSA solution. At 30 min post-injection, the mice
were sacrificed under ether anaesthesia, and the ear pinnae were re-
moved for measurement of Evans blue extravasation. Evans blue dye
was extracted by incubating the ear pinnae in 0.5 ml of dimethyl sulf-
oxide for 24h at 37 °C, and leakage of Evans blue was calculated by
spectrometry at 650 nm.

The activity of histidine decarboxylase (HDC: a histamine synthe-
sizing enzyme) in ear pinnae was measured 4 h post-antigen injection,
as reported previously [27]. In brief, the tissues were homogenized in
cold HDC solution containing 0.1 M potassium phosphate buffer,
pH 6.9, 0.2 mM dithiothreitol, 0.01 mM pyridoxal 5’-phosphate, 1% (w/
v) polyethylene glycol (average MW 300) and 100 ug/ml of phe-
nylmethylsulfonyl-fluoride in a polytron and centrifuged at 10,000 X g
for 20 min. The clear supernatant was dialysed three times against fifty
volumes of HDC buffer at 4°C. HDC enzyme was incubated with
0.25mM r-histidine for 4h at 37°C, and histamine generation was
measured by HPLC-fluorometry.
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2.10. Image analysis of granule area and volume

Quantitative image analyses of skin mast cells and BMMCs were
performed using TEM images and confocal images, respectively. Skin
mast cells were imaged by a JEM 1230 (JEOL Ltd., Tokyo, Japan). The
granule area, nuclear area and cell area were measured using ImageJ
software, and the area ratio of granules was calculated according to the
following equation: Area ratio of granules (%) = the area of granules /
(cell area — nuclear area) X 100. Z-stack images of FFN 206-loaded
granules in BMMCs were imaged by confocal microscopy with a Nikon
Al (Nikon, Tokyo, Japan). The granule area, labelled by FFN206, was
detected by threshold of fluorescent intensity (5-255 grey levels) with
8-bit two-dimensional images. In addition, three-dimensional images
were constructed from the z-stack two-dimensional images, and the
volume of FFN206-labelled granules was measured using ImageJ soft-
ware.

2.11. Statistical analysis

The results are expressed as the means = SEM. The level of statis-
tical significance was determined using ANOVA followed by the
Bonferroni multiple comparisons test. The statistical significance of
differences between two groups was evaluated by Student's t-test. P-
values < 0.05 were considered to indicate significant differences be-
tween groups.

3. Results
3.1. Sequence analysis of LYST genes

Because the LYST gene is relatively large, encoding 55 exons and
spanning 207 kb, analysis was initiated at a deletion region of LYST
gene of genomic DNA that arose at the Jackson Laboratory. A single
event was identified, in which a 3-bp deletion in exon 54 resulted in the
causative mutation (Fig. 1A). The deletion was predicted to influence
the WD40 domain of LYST protein, which frequently acts as a stable
scaffold for mediating protein-protein interactions [28]. A single band
of 536-bp was indicative of a wild-type mouse, whereas a single band of
425-bp was indicative of a homozygous mouse. Two fragments were
observed in all five heterozygous mice (Fig. 1B). Sequencing of the two
amplified fragments revealed 3-bp deletions in exon 54 of the deletion
allele (Fig. 1A).

3.2. Number of mast cells and histamine content in skin tissues

Mast cells from bg/bg mice had enlarged granules under light mi-
croscopy observation. Although bg/+ mice mast cells appeared similar
to +/+ mice mast cells with respect to granule size, the morphology
was not clear (Fig. 2A). Transmission electron microscope observations
demonstrated that bg/ + mice mast cells had a similar granule size and
shape to those of the + /4 mice mast cells, whereas the granule size of
bg/bg mice mast cells was 1.87- and 1.76-fold larger than those of +/+
and bg/+ mice, respectively (Fig. 2B, Table 2).

There were no significant differences in the number of mast cells in
ear skin among +/+ (200.3 *= 12.2 cells/section), bg/ + (193 + 11.6
cells/section) and bg/bg (191.3 = 10.3 cells/section) mice. Histamine
content in the ear skin and PMCs of bg/bg mice were 57.7% and 64.8%
of those of +/+ mice, respectively. There was no significant difference
in the histamine content of skin tissues and PMCs between +/+ and
bg/+ mice (Table 3).

3.3. Morphological and functional analysis of BMMCs
BMMCs were cultured in the presence of IL-3 and SCF to stimulate

development into the connective tissue type of mast cells [29]. Using
safranin O solution, BMMC granules from bg/bg mice were enlarged in
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Fig. 1. Sequence analysis of genomic DNA from wild-type C57BL/6-+/+, bg/+ and bg/bg mice. The genomic primers flanking murine LYST exon 54 (Chromosome
13-NC_000079.6) are the P3 pair, which are listed in Table 1. The 3-bp deletion in exon 54 resulted in the causative mutation (A). Two fragments were observed in all

five heterozygous mice (B).

size (Fig. 3A). From the flow cytometry analysis, the number of FceRI+
c-kit+ cells was not significantly different among +/+
(94.35 = 0.41%), bg/+ (97.10 = 0.51%) or bg/bg (95.55 * 0.56%)
mice (Fig. 3B and C). Histamine concentrations in cell suspension
medium from each of the three mouse strains began to increase from
day 7 of culture, plateauing on day 21 and declining by day 28. During
the entire cell culture period, histamine concentrations in BMMC sus-
pension medium were significantly lower in bg/bg mice compared with
bg/+ and +/+ mice (Fig. 3D).

Labelling with FFN206, a new fluorescent substrate of vesicular
monoamine transporter 2 (VMAT2), revealed differences in the size,
number and distribution of secretory granules among BMMCs derived
from each mouse strain. Larger size but fewer granules were observed
in bg/bg BMMCs compared with those from bg/+ and +/+ mice
(Fig. 4). The size and number of granules in bg/+ and +/+ BMMCs
were almost identical, and small granules were widely distributed
throughout the whole cell plasma membrane, as evidenced by three-
dimensional structured photos.

3.4. Morphological changes in PMCs and BMMCs after degranulation by
scanning electron microscopy

Scanning electron microscopic examination showed ridge-like folds
of plasma membrane extending from the cell surface of PMCs from each
of the three mouse strains. When exocytotic degranulation was trig-
gered by compound 48/80 stimulation, numerous spherical granules
were secreted and attached to the cell surface of bg/+ and +/+ PMCs,
whereas enlarged size but fewer granules were observed in bg/bg mice
PMCs (Fig. 5A). The ridge-like folds were also observed in bg/bg, bg/ +
and +/+ BMMGCs without stimulation. The addition of 10 pg/ml
compound 48/80 caused the secretion of spherical granules, as shown
in PMCs (Fig. 5B).

3.5. Histamine release responses in PMCs and BMM(Cs after stimulation
with several secretagogues

After the addition of compound 48/80, histamine release was ob-
served by PMCs from all three mouse strains at the lowest concentration
(1 ug/ml) and increased in a dose-dependent manner (Fig. 6A). The
efficacy of responses was higher in bg/bg mice than bg/+ and +/+
mice. In bg/bg mice PMCs, histamine release in response to 0.5uM
thapsigargin was 1.21- and 1.25-fold higher than that of bg/+ and
+/+ mice, respectively. In response to 1puM ionomycin, histamine
release from PMCs of bg/bg mice was 1.21- and 1.59-fold greater than
that of bg/+ and +/+ mice, respectively (Fig. 6B).

After the addition of DNP-BSA, histamine release from BMMCs from
all three mouse strains occurred at the lowest concentration (2 ng/ml
DNP-BSA) and increased in a dose-dependent manner (Fig. 6C). The
histamine release response pattern in bg/bg BMMCs also showed higher
efficacy than bg/+ and +/+ mice.

Histamine release occurred in BMMCs from all three mouse strains
in response to 10 pg/ml of compound 48/80, and the histamine release
response in bg/bg mice BMMCs was 1.26- and 1.31-fold higher than that
of bg/+ and +/+ mice, respectively (Fig. 6D).

Histamine release responses of bg/bg BMMCs were 1.70- (0.5uM
thapsigargin) and 1.64-fold (1 uM ionomycin) higher than those of bg/
+ mice BMMCs, and 1.65- (0.5 uM thapsigargin) and 1.61-fold (1 uM
ionomycin) higher than those of +/+ mice BMMCs (Fig. 6D).

The release patterns of B-hexosaminidase, another exocytotic com-
ponent, in granules from PMCs and BMMCs were similar to those of
histamine release and were also the highest in bg/bg mice compared
with bg/+ and +/+ mice (data not shown).

3.6. Passive cutaneous anaphylaxis (PCA) reaction in vivo

In the ear pinnae tissues that were sensitized by monoclonal IgE
against DNP-BSA, the extravasation of Evans blue dye was determined
30min after DNP-BSA antigen stimulation. There was no significant
difference in the increasing rate of dye leakage of the IgE-sensitized site
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Light micrographs of mast cells detected by toluidine blue staining in ear skin tissues of +/+, bg/+ and bg/bg mice (A). Transmission electron micrographs of mast

cells detected in ear skin tissues of +/+, bg/+ and bg/bg mice (B).

Table 2
Granule size in mast cells from ear skin.
+/+ bg/ + bg/bg
Maximum diameter (um) 0.92 + 0.03 0.98 + 0.06 1.72 + 0.14""

The three largest granules in each five mast cells of ear skin from the three
different strains were analysed by TEM, and the maximum diameter was
measured. The data are shown as the means = S.E.M. (n = 15).

= P < 0.01vs. +/+.

P < 0.01 vs. bg/+ mice.

Table 3
Histamine contents in skin tissues and peritoneal mast cells.

+/+ bg/+ bg/bg

632.92 + 100.74" "

+

Ear skin 1097.61 + 52.39 1091.50 58.57
(nmol/g)
mn=4)

Peritoneal
mast cells
(pmol/10*
cells)

(n=3)

492,51 + 16.98 475.30 * 9.11 318.96 + 1232 "

The data are shown as the means + S.E.M.
* P < 0.01vs. +/+.
P < 0.01 vs. bg/+ mice.

206

to the saline injected site among bg/bg, bg/+, and +/+ mice (Table 4).
Histamine contents of IgE-treated ear pinnae were decreased compared
with saline-treated ear pinnae 4 h after DNP-BSA stimulation, at 30.4%
and 41.7% in bg/bg and + /+ mice, respectively (Fig. 7A). An increase
in HDC activity was observed in IgE-treated ear pinnae compared with
saline controls (2.07-fold and 1.92-fold in bg/bg and +/+ mice, re-
spectively), but the increased ratio was not different between these two
strains (Fig. 7B).

3.7. Image analysis of granule area and volume in skin MCs and BMMCs

Image analyses were performed to compare the volume of granules
in PMCs and BMMCs between +/+ and bg/bg mice. The area ratios of
granules to cytosol in +/+ and bg/bg skin mast cells using TEM images
were 49.6 + 1.19% (n = 3) and 32.32 * 4.83% (n = 4), respectively,
that is, the total area of vesicles in bg/bg mice was 65.2% that of +/+
mice (Fig. 8A). Since this ratio was calculated from two-dimensional
electron microscopy photos, the volume ratio after calculation from
two-dimensions to three-dimensions was 53% which is similar to the
ratio of histamine content. An FFN fluorescent probe was trapped into
the vesicle, and each two-dimensional image was obtained at the equal
1 um z-stack intervals by confocal microscopy (Fig. 8B). The sum of the
vesicle area in each image was assumed to be the volume of vesicles in a
cell. The relative volume rates of granules to the whole cell in +/+ and
bg/bg BMMCs were 100.0 = 39.14% (n = 3) and 28.02 = 3.07%
(n = 4), respectively, showing that the total volume of bg/bg mice was



T. Kiyoi, et al.

International Immunopharmacology 69 (2019) 202-212

1ot J220% 954%
10° 4
107 A D
1 %
103 ; M @+/+ W bgl+ bglbg
] 3 3000 -
10 Jrore - o ,:’ i IL-3 (5 ng/ml)
T R IL-3 (5 ng/ml) _ i +SCF(10 ng/ml).
© 2500F Tt e
ot TP 8% gE; [ :
0 . -
10°4 - 2000 .
3 o :
= :
Lk & 1500} i
®
10" 4 ¥ E [ A N :
E § 1000» o 4 .** .
10° |1.03% 232% 8 \: Tt A
0 T 1 T T 2 T T T E E b i
10 10 10 10 10 _GE, 500 :
10! JoE% 37.0% E :
ko r H
B 5 0 -
3
"'y 0 1 2 3 4 5 6
102 weeks
£ 600 E
8 ’
? 400 10" 4 o
2007 100 J1.32% 0.754%
- T T T T T T
0 c-kit 10’ 10! 102 10 10
T T
0 200 400__ 600 800 1K
FSC-H
FceRl

Fig. 3. Maturation of 6-week BMMC cultures and changes in histamine contents in cell suspension during differentiation

BMMCs from +/+, bg/+ and bg/bg mice were stained with safranin O after 6 weeks of culture and observed by light microscopy (A). The expression of FceRI
receptor and c-kit receptor in BMMCs were analysed using a BD FACS Calibur flow cytometer. The gating information (B) and representative plots (C) of FceRI
receptor and c-kit receptor expression in total BMMCs are shown. The data are from one of at least 3 separate experiments with similar results (FL1-H: FceRI, FL2-H: c-
kit). Histamine contents in BMMCs of +/+ (@), bg/+ (M), and bg/bg (A) mice were measured every 7 days after the start of culture (D). The histamine content is
expressed as pmol/10° cells. **P < 0.01 vs. +/+ mice, "P < 0.01 vs. bg/ + mice. Each point represents the mean = S.E.M. of three groups for 1-2 weeks and five

groups for 3-6 weeks.

28.02% that of + /4 mice. These were rough calculations because of
the limited number of images from one cell, and each vesicle volume
was calculated as a column instead of a sphere.

4. Discussion

CHS is a rare recessive disease characterized by hypopigmentation,
recurrent infection, mild coagulation defects and neurological pro-
blems. Beige mice display the above symptoms and are considered to be
an appropriate animal model of human CHS. The absence of CHS/LYST
protein results in enlarged mast cell granules, and many studies have
been performed to clarify the degranulation processes, both morpho-
logically and with electrophysiological techniques. Mast cells play im-
portant roles in allergy, but few reports have been published on mast
cell function and its relation to histamine effects in CHS. Therefore, we
sought to confirm the mutation of the LYST gene in homozygote and
heterozygote beige strains accompanied by morphological and func-
tional studies of mast cells.

This study confirmed the presence of a 3-bp deletion in exon 54 of
the LYST gene encoding the WD region of bg/bg mice, as previously
reported. Two fragments of genomic DNA of exon 54 of the LYST gene

derived from + /4 and bg/bg mice were observed in bg/+ mice. Since
the LYST mutation showed an autosomal recessive inheritance pattern
[301, the characteristics of bg/+ mice mast cells should be the same as
those of +/+ mice mast cells. Indeed, the size of histamine granules,
histamine content and the exocytotic responses to stimulants in bg/+
mice mast cells were almost identical to those of +/+ mast cells. In
contrast, bg/bg mice mast cells showed larger sized granules, lower
histamine content and an increased histamine release ratio than +/+
and bg/+/+ mice.

Bone marrow cells can differentiate into two types of mast cells,
mucosal mast cells (MMCs) and connective tissue-type mast cells
(CTMCs). In this study, BMMCs cultured in the presence of only IL-3 for
the first 4 weeks and a combination of IL-3 and stem cell factor for the
subsequent two weeks differentiated into CTMCs that were confirmed
morphologically by safranin O staining and pharmacologically with
response to compound 48/80 stimulation. The mechanism of the CTMC
response to cationic substances, such as compound 48/80 and cationic
peptides, has remained contradictory, but Mas-related G protein cou-
pled receptor (Mrgpr) B2 was identified as a receptor for these ligands
[31].

BMMCs of bg/bg mice also showed characteristics of CTMCs, such as
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FFN206 Bright field Merged 3D

+/+

bg/+

bg/bg

Fig. 4. Confocal fluorescence images of BMMCs labelled with FFN206

BMMCs of +/+, bg/+ and bg/bg mice were loaded with 5uM of FFN206, washed and imaged by confocal microscopy. Fluorescence images (Ex = 405 nm,
Em = 425-475nm), Bright field image merged with fluorescence and bright field images. Three-dimensional images were constructed using the NIS-Elements
Advanced Research software (Nikon).

the response to compound 48/80. When BMMCs were cultured with previous report [32]. The addition of stem cell factor resulted in com-
only IL-3, BMMCs differentiated into MMCs. The numbers of FceRI+ plete differentiation, showing 94-97% FceRI+ and Kit+ cells in the
and Kit+ cells were 35.14%, 53.14% and 51.13% in bg/bg, bg/ +, and cultures of these strains. In this study, there were no differences in the
+/+ mice, respectively, and delayed differentiation was observed in number of connective tissue mast cells in ear skin among the three
bg/bg mice mast cells compared to +/+ and bg/+ mast cells in our different strains (bg/bg, bg/+ and +/+). It is possible that SCF
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Fig. 5. Morphological changes of PMCs and BMMCs after degranulation by SEM.
PMCs (A) and BMMCs (B) from +/+, bg/+ and bg/bg mice were stimulated with 10 pg/ml compound 48/80 for 30 min and observed by SEM (5000 X ).
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Peritoneal mast cells of +/+ bg/+ and bg/bg mice were stimulated with different concentrations of compound 48/80 (0.1, 1, 10, 100 ug/ml and 1 mg/ml) for 30 min
(A) or thapsigargin (0.5 uM) and ionomycin (1 pM) for 30 min (B). The spontaneous release of +/+, bg/+ and bg/bg PMCs was 3.48 *= 0.43%, 4.32 = 0.30% and
16.20 = 1.07%, respectively. BMMCs of +/+ bg/+ and bg/bg mice were sensitized with 0.5 pg/ml of anti DNP-BSA monoclonal IgE overnight and stimulated with
DNP-BSA antigen (0.02, 0.2, 2, 20, 200 ng/ml) for 30 min (C) and compound 48/80 (10 pg/ml), thapsigargin (0.5 pM) and ionomycin (1 uM) (D). The spontaneous
release of +/+, bg/+ and bg/bg BMMCs was 0.45 + 0.18%, 0.37 = 0.13% and 1.55 *+ 0.34%, respectively. *P < 0.05, **P < 0.01 vs. +/+ mice. P < 0.05,

+

TP < 0.01 vs. bg/+ mice. Each point represents the mean

Table 4
Increased ratio of Evans blue dye extravasation
after passive cutaneous anaphylaxis reaction.

Mice strain Fold

+/+ 2.05 = 0.27
bg/+ 1.97 + 0.32
bg/bg 2.14 = 0.30

Data are means = S.EM. (n = 4).

Extravasation of Evans blue dye revealed increased
permeability, expressed as the ratio of quantity of
Evans blue dye in the ear skin sensitized with IgE to
that of the non-sensitized ear skin (control group).

stimulation promotes differentiation that is affected by the LYST mu-
tation.

A new fluorescent probe, FFN206, was recently introduced and is
highly sensitive to VMAT2 [24]. This compound is capable of detecting
VMAT2 activity in intact cells using fluorescence microscopy, with
subcellular localization to VMAT2-expressing acidic compartments
without apparent labelling of other organelles. Because histamine
synthesized in the cytosol is transported into secretory granules via
VMAT?2 and stored in mast cells, FFN206 is easily trapped in granules,
making it a good tool for labeling granules. In this research, we de-
monstrated the labelling of secretory granules of living mast cells with
an FFN206 probe using three-dimensional confocal microscopy [32].
FFN206 selectively labels mast cell granules, demonstrating the large
size yet low number of granules in bg/bg mast cells and the small size
yet high number of granules in bg/ + and +/+ mice (Fig. 4). FFN206 is
therefore a useful tool for analysing the process of granule fusion in
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S.E.M. of five groups for (A), three groups for (B), six groups for (C) and three groups for (D).

mast cells.

The ratio of histamine release from PMCs was higher in bg/bg mice
relative to those of bg/+ and +/+ mice after stimulation with 48/80.
Additionally, the ratio of histamine release from BMMCs was also
higher in bg/bg mice compared with bg/+ and +/+ mice after sti-
mulation with compound 48/80 and DNP-BSA antigen. These results
are similar to findings in beige rat PMCs [21]. This enhancement of
histamine release may relate to exocytotic events because the lifetime
of the fusion pore of PMCs is 0.058 s in +/+ mice, whereas it is sub-
stantially longer at 0.36s in bg/bg mice, according to capacitance
measurements [33].

In the PCA reaction, marked histamine release occurred, and the
remaining histamine content in the ear skin of bg/bg and +/+ mice
was 30.4% and 41.7%, respectively, demonstrating enhanced in vivo
histamine release in bg/bg mice compared with +/+ mice. There was
no significant difference in the extravasation of Evans blue dye in PCA
reactions among bg/bg, bg/+ and +/+ mice. Because dye leakage
caused by increased cell permeability is dependent on the early phase of
the reaction induced by histamine, the lower content but higher release
ratio of histamine in bg/bg mice may lead to the same PCA response as
that in +/+ mice. In the mucosal mast cell line, rat basophilic leu-
kaemia (RBL)-2H3 cells, IgE-mediated stimulation caused increased
activity of histidine decarboxylase (HDC), a histamine synthesizing
enzyme for 2 to 4 h, suggesting that IgE-mediated cell signalling, such
as increases in intracellular Ca®>* concentrations and the activation of
protein kinase C (PKC), may have induced HDC activation [27]. In the
present study, increased activity of HDC in PCA reactions was observed
in both bg/bg and + /+ mice skin. It was reported that painting phorbol
myristate acetate (PMA) on mouse skin resulted in a marked increase of
HDC activity in the dermis, and this increase was attributed to the
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Fig. 7. Passive cutaneous anaphylaxis reaction in the ear skins of +/+ and bg/bg mice.

The passive cutaneous anaphylaxis reactions in the ear skins of +/+ and bg/bg mice are shown. In the right side of the mouse ear, 50 pl of mouse anti-DNP-BSA
monoclonal IgE (0.5 pg/ml) was injected subcutaneously, and 0.25 ml of the mixture of 1 mg DNP-BSA and 1% Evans blue was injected into the tail vein 24 h later
(grey column). The same volume of PBS was injected into the left ear as a control. After 4 h, the ear skin was removed and homogenized, and histamine contents (A)
and HDC activity (B) were measured according to the methods described in the Materials and methods. Black and grey columns show the control and DNP-BSA-

treated group, respectively. *P < 0.05, **P < 0.01 vs. the control group (PBS treatment). Each point represents the mean

mice.

recruitment of leucocytes from the bone marrow [34]. In this PCA re-
action, only localized mast cells were targeted for stimulation by IgE-
mediated antigen. Therefore, we assumed that this increase was mainly
attributed to mast cells. In this research, we could not demonstrate a
difference in HDC activity between bg/bg and +/+ mice, suggesting
that the signalling transduction resulting in HDC activation occurred
normally in bg/bg mice.

In this experiment, the histamine concentration in skin in bg/bg

Image

+

S.E.M. from six bg/bg and four +/+

mice was lower than that of +/+ mice, even though the mast cell
number was the same between these strains. Moreover, the histamine
contents of peritoneal mast cells and BMMCs of bg/bg mice were lower
than those of +/+ mice. Although Hamel et al. demonstrated larger
granules in bg/bg mice, the volume of which was > 18-fold that of
+/+ mice mast cell secretory granules, the total volume of granules in
each mast cell was the same between these strains [35]. In this research,
we found a difference in the total volume of secretory granules between

Image analysis

B

bg/bg

Fig. 8. Image analysis of granule area and volume in skin mast cells and BMMCs of +/+ and bg/bg mice.

The total area of granules was obtained by adding each granule area shown as white spots in skin mast cells using TEM images, as illustrated in the photo in Fig. 2.
The area ratio of granules to cytosol was calculated according to the equation described in the Materials and methods (A). The volume of FFN-labelled granules in
BMMCs was measured using Z-stack pictures at 0.5 um intervals, as obtained by confocal microscopy. The total granule volume was obtained by the addition of

granule areas, as demonstrated on each stack picture (B).
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bg/bg and +/+ mice after calculation using obtained images by elec-
tron microscopy and confocal microscopy labelled with fluorescent FFN
probes, which are trapped in the mast cell granules via VMAT2. The
histamine content in bg/bg mast cells was less than that of +/+ mice in
proportion to the total volume of granules in each mast cell of these
strains.

Although mast cell secretory granules are regarded as lysosome-
related organelles or secretory lysosomes, their molecular mechanisms
of biogenesis remain uncertain. Several models of biogenesis of mast
cell granules have been proposed. Hammel et al. proposed the unit
addition mechanism for the synthesis of mast cell granules by analysing
the volume and number of granules from electron microscopy plane
images [35]. First, the smallest progranules produced at the Golgi cis-
terna were fused with homotypic unit granules to produce immature
granules by the unit addition mechanism, of which size was multi
modal, and finally changed to mature granules [36]. Large granules
were observed in mast cells with the CHS/BEACH mutation, which was
produced by random fusion of heterotypic granules. LYST is thought to
interact with signalling proteins as a scaffold and negatively regulate
homotypic granule fusion [37].

The GTPase Rab5 is related to endocytotic process and controls
secretory granule size and cargo composition, and constitutively active
Rab5 mutants induce few and enlarged secretory granules in RBL-2H3
cells [38]. The expression of constitutively active Rab5 leads to en-
hanced B-hexosaminidase release. Future studies should be conducted
to clarify whether the activity of GTPase Rab5 is related to the LYST
mutation.

It is well known that the pathogenesis of CHS is the result of the
LYST gene mutation. Tchernev et al. demonstrated that LYST interacts
with proteins involved in vesicular transport and signal transduction,
such as 14-3-3, casein kinase II, and hepatocyte growth factor-regulated
tyrosine kinase substrate (HRS), and orchestrates the degranulation
machinery of tethering, docking and fusion of the vesicular and plasma
membrane [6]. Recently, we found a relationship between a unique
member of the Ca?* -release-activated calcium (CRAC) family of Ca%™-
selective channels, CRACM3, and syntaxin 4 in RBL-2H3 cells. Knock-
down of CRACM3 suppressed functional exocytosis by decreasing the
open time of the vesicle fusion pore [39]. Prolongation of fusion pore
open time in beige mast cells may be explained by the modification of
CRACMS3 channels through interactions between LYST and syntaxin.

In conclusion, we confirmed that beige mice mast cells have a lower
histamine content and a higher rate of histamine release compared with
heterozygote and wild-type mice after determining the genotype of the
LYST mutation. Furthermore, we revealed that the morphological and
functional characteristics of mast cells in heterozygote mice were si-
milar to those of wild-type mice. Even though the pattern of mast cell
responses to secretagogues in beige mice is different from those of
heterozygote and wild-type mice, the PCA reactions observed in vivo
were not different among these strains.
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