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Abstract. Although histamine is a central mediator in the immediate allergic reaction, its role
in goblet cell hyperplasia in the airway of asthma is not completely understood. This study was
designed to examine the role of histamine in goblet cell hyperplasia using histamine-deficient
mice (Hdc™”~ mice) with allergic airway inflammation. Wild-type and Hdc”~ C57BL/6 mice were
sensitized with ovalbumin (OVA). After two-week exposure to OVA, goblet cell hyperplasia was
evaluated. Cell differentials in BALF were analyzed. The mRNAs level of MUC5AC and Gob-
5 gene were quantitatively determined. The number of eosinophils in BALF increased in both the
wild-type mice and Hdc™'~ mice; however, their ratio in Hdc”~ mice was significantly lower than
that in the wild-type mice. The mRNA levels of Gob-5 and MUC5AC and the ratio of the goblet
cells in the airway epithelium were significantly increased in Hdc”~ mice exposed to OVA
compared to the wild-type mice under the same condition. These results suggested that histamine

may play a regulatory role in goblet cell hyperplasia in allergic airway inflammation.
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Introduction

Goblet cell hyperplasia and mucus overproduction are
important features of bronchial asthma (1, 2). Although
goblet cell hyperplasia with mucus hypersecretion has
been reported to be associated with the development of
airway hyperresponsiveness and the increase of severity
and mortality in bronchial asthma (1 —4), the mecha-
nisms responsible for goblet cell hyperplasia are not
completely understood. To date, goblet cell hyperplasia
has been thought to be induced after epithelial damage
by numerous stimuli such as endogenous oxidants
induced by neutrophil elastase (5), exogenous oxidants
produced by cigarette smoke (6), and diesel engine
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emissions (7). On the other hand, it has been demon-
strated that Th-2 lymphocyte—derived cytokines inter-
leukin (IL)-4, IL-5, IL-9, and IL-13 induce goblet cell
hyperplasia in animal models and in vitro studies (8 — 12).

According to previous reports, several genes are up-
regulated in association with goblet cell hyperplasia.
Among them, MUC genes encode various mucin glyco-
proteins that are primary secretory proteins and consist
of family genes (i.e., MUC-1, MUC-2, and MUC-4) (13,
14). MUCS5AC is the predominant MUC gene expressed
in the airway (14). To date, it has been demonstrated that
the level of MUC5AC gene expression increased in
animal models of asthma and tissue samples from
asthmatic patients (15— 17).

In addition, it has been reported that the overexpres-
sion of the Gob-5 gene in airway epithelia exacerbates
AHR, goblet cell hyperplasia, mucus overproduction,
and eosinophil infiltration in a murine asthma model
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(18). The Gob-5 gene in the mouse corresponds to the
CLCAI gene in humans, which regulates calcium-
activated chloride conductance, has been shown to
induce mucin gene expression (MUC5A4C) in the human
mucoepidermoid cell line NCI-H292 and its increased
expression was demonstrated in asthmatic patients
(18 -20).

In this paper, to elucidate the roles of histamine in
allergic airway inflammation, we produced an experi-
mental asthma model with Hdc™~ mice. In particular, we
analyzed effects of histamine on goblet cell hyperplasia.

Materials and Methods

Animals

Hdc knockout (Hdc”™) mice were generated by
Ohtsuetal. (21). In the present study, we used 6- to
8-week-old female Hdc”’~ mice backcrossed for six
generations with C57BL/6 mice and used age/gender-
matched C57BL/6N mice (Japan SLC, Shizuoka) as
controls. Mice used for this study were generated by
breeding of homozygous Hdc™~ mice in the facilities of
Tohoku University (Sendai). Both Hdc™”~ and wild-type
mice were kept on a normal diet containing <0.3 mg of
histamine/g of food. All experiments described in this
study were performed according to the guidelines for
the care and use of experimental animals as determined
by the Japanese Association for Laboratory Animals
Science in 1987.

Immunization and aerosolization protocol

The mice were sensitized according to the methods
described in a previous paper (22). In brief, mice were
sensitized at days 0 and 5 of the protocol by an intra-
peritoneal injection of 0.5 ml aluminum hydroxide—pre-
cipitated antigen containing 8 #g OV A (Sigma Chemical
Co., St. Louis, MO, USA) adsorbed overnight at 4°C to
4 mg of aluminium hydroxide (Wako Chemical Co.,
Tokyo) in phosphate-buffered saline (PBS). Twelve
days later, wild-type mice and Hdc™~ mice were divided
into 3 groups, respectively, which consisted of 6
animals. One set of the wild-type mice group and the
Hdc™~ mice group were killed for analysis, respectively,
as a control without inhalation. To perform chronic
exposure of OVA, the 2 groups of the wild-type mice
and Hdc™~ mice, respectively, were placed in a plastic
chamber (10cm x 15cmx25cm) and exposed to
aerosolized OVA (5mg/ml in 0.9% saline) for 1 h.
The other 2 groups of the wild-type mice and Hdc™'~
mice were each exposed to 0.9% saline only every other
day for 14 days, also, as shown in Fig. 1. The aerosolized
OVA was produced by Pulmo-Aide Compressor
/Nebulizer (Devilbiss) (Sunrise Medical HHG, Inc.,
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Fig. 1. Total cell numbers in BALF. Gray column: the wild-type
mice, black column: Hde™™ mice.

Somerset, PA, USA) at a flow rate of 5 — 7 liter/min.

Collection and measurement of specimens

After being exposed to aerosolized saline or OVA
every other day over 2 weeks, each group of mice was
killed on the 14th day, 24 h after final inhalation, and
bronchoalveolar lavage fluid (BALF) and lung tissue
were collected as shown in Fig. 1. To collect BALF, the
lungs were dissected and the trachea was cannulated
with a polyethylene tube (Becton Dickinson, Sparks,
MD, USA). The lungs were lavaged twice with 0.5 ml
PBS, and ~0.8 ml of the instilled fluid was consistently
recovered. The recovered fluid was centrifuged (300 x g
for 6 min) and the cells were resuspended in 0.5 ml
PBS. The total number of cells was counted using an
improved Neubauer hemocytometer chamber. An air-
dried slide preparation was made of each sample con-
taining 10,000 cells by cytospin (Cytocentrifuge; Sakura
Seiki, Tokyo) and stained with May-Grunwald-Giemsa
stain. Differential counts of at least 500 cells were
made according to standard morphologic criteria. The
numbers of cells recovered per mouse were then
expressed as the mean and S.E.M. for each treated group.

After harvesting BALF, lungs were fixed with
formaldehyde and then embedded in paraffin. These 3-
um-thick sections were stained with hematoxylin eosin
(HE), Elastica Masson’s trichrome (EM), and periodic
acid—Schiff (PAS). In addition, the other parts of left
lungs were stored at —80°C for RNA extraction.

Histological measurement of goblet cell number

The 3-mm paraffin sections of the lungs described
above were stained with PAS for evaluation of goblet
cells. Goblet cell hyperplasia was determined by
counting the number of PAS-positive cells in more than
5 large (diameter >200 um) and more than 10 small
bronchi (diameter <150 um) per each lung under
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microscopy. The results were expressed as % of PAS-
positive cells per total epithelial cells. In addition, lung
sections were stained with HE.

Isolation of total RNA and real-time quantitative PCR

Total RNA from tissues was obtained using ISOGEN
(Wako Pure Chemicals, Osaka) and quantitated by
spectrophotometry. Quality of the obtained RNA was
examined by agarose gel electrophresis.

To quantify the expression of mRNA of Gob-5,
MUC5AC, and glyceraldehyde-3-phosphatase dehydro-
genase (GAPDH) in murine lungs, quantitative PCR was
carried out using an ABI Prism 7700 Sequence Detector
(Perkin-Elmer Applied Biosystems, Foster City, CA,
USA) as previously described (23).

Oligonucleotide PCR primer pairs and fluorogenic
probes for murine MUC54C and Gob-5 were designed
from the published sequences using Primer Express
software (Perkin-Elmer): for MUC5AC, sense primer: 5'-
ACTGTTACTATGCGATGTGTAGCCA-3', antisense
primer: 5'-GAGGAAACACATTGCACCGA-3'"; Tagman
probe: 5'-[FAMJACTGCCACCTGTCACTGGGCGG
[TAMRA]-3' and for Gob-5, sense primer: 5'-
AGGGCATCGTCATCGCC-3'; antisense primer: 5'-
TCCTTTATGTGTTGAATGAGGGC-3'; Tagman
probe: 5'-[FAM]JAGACCACGACGTGCCGGAAGATG
[TAMRA]-3' (24). Primers and labeled probe (VIC) for
rodent GAPDH were purchased from Perkin-Elmer
Applied Biosystems. Briefly, a 100-ng sample of RNA
dissolved in 10 ul of water from each aliquot of murine
lung tissue was denatured at 90°C for 90 s. Each RNA
sample (100 ng/10 ul of water) was mixed in 40 ul of
buffer containing the following reagents for the one-step
RT-PCR reaction: 50mM KCI, 10mM Tris-HCI
(pH 8.3), 0.0l mM EDTA, 60 nM Passive Reference 1
(Applied Biosystems), SmM MgCl,, 100nM sense
primer, 100 nM antisense primer, 0.3 mM deoxynucleo-
side triphosphate (Boehringer), 0.4 U/ul RNase inhibi-
tor (Promega), 0.4 U/ul Moloney murine leukemia virus
RT (Perkin Elmer), 0.0025 U/ul Taq Gold Polymerase
(Perkin Elmer), and 100 nM Tagman probe, as described
above. The fragment of mRNA for Gob-5, MUCS5AC,
and GAPDH was reverse transcribed into cDNA (30 min
at 48°C) and amplified by PCR for 40 cycles (15 s at
95°C and 1 min at 60°C). Whole reactions of the RT-
PCR and detection of the fluorescence emission signal
for every PCR cycle were performed at the same time in
a single tube in a sequence detector (ABI 7700). The
minimum PCR cycle to detect the fluorescent signal was
defined as the cycle threshold (C), which is predictive
of the quantity of an input target fragment (25). The
standard curve was obtained between the fluorescence
emission signals and C by means of duplicated serial

dilutions of the total RNA from murine lung in medium
alone. Expression of MUC5AC and Gob-5 mRNA was
normalized to a constitutive expression of GAPDH
mRNA.

Statistical analyses

Data were each expressed as a mean=* S.E.M.
Multiple comparisons of mean data among the groups
were performed by the Mann-Whitney U test. Probability
values of less than 0.05 were considered statistically
significant.

Results

Cell differentials in BALF of Hdc™'~ mice

Repetitive exposure of OVA induced a marked
increase of total cell numbers in BALF from both wild
and Hdc”™ mice sensitized with OVA, compared with
those from the wild-type mice group and mice sensitized
with OVA exposed to saline (Fig. 1). Total cell number
in BALF from the Hdc”™ mice sensitized with OVA
after exposure to OVA increased significantly more
than that from the wild-type mice in the same condition.
Eosinophils were predominant cells in BALF from the
wild-type mice exposed to OVA. In contrast, both
eosinophils and lymphocytes increased in BALF from
the Hdc”~ mice exposed with OVA, and the ratio of
eosinophils in BALF was significantly lower in the
Hdc”~ mice (Fig. 2).

Gob-5 gene expression in the lung of Hdc™™ mice
Levels of Gob-5 mRNA in lung tissue of both wild-
type and Hdc”’™ mice sensitized with OVA increased
markedly compared with those from wild-type and
Hdc”~ mice sensitized with OVA exposed to saline.
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Fig. 2. The ratio of eosinophils in BALF. Gray column: the wild-
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type mice, black column: Hdc ™ mice.
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Fig. 3. Gob-5 gene expression in the lung. Gray column: the wild-
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type mice, black column: Hdc ™ mice.
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Fig. 4. MUC5AC gene expression in the lung. Gray column: the
wild-type mice, black column: Hde™™ mice.

The level of Gob-5 mRNA in the Hdc”™ mice exposed
to OVA was significantly higher than that in the wild-
type mice in the same condition (Fig. 3).

MUCS5AC gene expression in the lung of Hdc™™ mice

Levels of MUC54AC mRNA in lung tissue of both
wild-type and Hdc”~ mice sensitized with OVA and
exposed to OVA increased markedly compared with
those from wild-type and Hdc”~ mice sensitized with
OVA exposed to saline. The level of MUC54C mRNA
in the Hdc”™ mice exposed to OVA was significantly
higher than that in the wild-type mice under the same
condition (Fig. 4).

Histology of large and small airways
PAS staining demonstrated an increase of goblet cells
in the epithelium in large and small airways of both

wild and Hdc™”~ mice sensitized with OVA (Fig.5: A
and B and Fig. 6: A and B). Goblet cell hyperplasia
was more prominent in the Hdc™'~ mice exposed to OVA
than that in the wild-type mice under the same condition
(Fig. 5: A and B and Fig. 6: A and B). Repetitive saline
inhalation induced a mild increase of goblet cells in large
and small airways of both wild-type and Hdc”™ mice
(Fig. 5: A and B and Fig. 6: A and B).

Goblet cell hyperplasia in large and small airways

The ratios of goblet cells in the epithelium in large
and small airways of both wild-type and Hdc™~ mice
sensitized with OVA and exposed to OVA increased
markedly compared with those from wild-type and
Hdc™~ mice sensitized with OVA exposed to saline. The
ratios of goblet cells in the epithelium in large and
small airways of the Hdc™”~ mice exposed to OVA was
significantly higher than those in the wild-type mice
under the same condition (Fig. 7).

Discussion

We demonstrated in the present paper that goblet cell
hyperplasia was augmented in the Hdc™'~ mice sensitized
with OVA after repetitive OVA exposure over 14 days.
We also demonstrated that higher levels of Gob-5 and
MUC5AC mRNA expressed in the Hdc”™ mice after
repetitive OVA exposure compared with the wild-type
mice.

Histamine has been recognized as a chemical media-
tor playing a central role in allergic reactions including
mucosal edema, mucous gland secretion, smooth muscle
contraction, and so on. Recent studies have demon-
strated that histamine plays critical roles in immuno-
modulation by acting on different types of histamine
receptors such as HIR, H2R, and H4R on the surface
of immune cells and inflammatory cells (26 —31). Using
mutant mice lacking HIR and H2R, Jutel et al. demon-
strated that histamine enhanced TH1-type responses by
triggering HIR, whereas both THI1- and TH2-type
responses were negatively regulated by H2R. Actually,
deletion of HIR resulted in suppression of [FN-y, IL-4,
and IL-13; and deletion of H2R showed upregulation
of both TH1 and TH2 cytokines (IL-4 and IL-13) (27).
Mazzoni et al. demonstrated that histamine inhibited
INF-a and TNF-a release from activated plasmacytoid
dendritic cells, through H2R (32). Histamine also
inhibited lipopolysaccharide-induced TNF-a production
by down-regulating intercellular adhesion molecules
(ICAM)-1 in human monocytes through H2R (33). We
speculate that the changes of cytokine production in
the Hdc”~ mice might influence on the goblet cell
hyperplasia.
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Fig. 5. Goblet cells in the large airways. The goblet cells in the epithelium were stained with PAS. Panel A: the wild-type mice,

panel B: Hde™™ mice.

Fig. 6. Goblet cells in the small airways. The goblet cells in the epithelium were stained with PAS. Panel A: the wild-type mice,

panel B: Hdc”™ mice.
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Fig. 7. Goblet cell ratio in the large and small airways. Gray

column: the wild-type mice, black column: Hdc”™ mice.

We demonstrated the increase of goblet cells in the
epithelium of both large and small airways in the Hdc ™~
mice exposed to OVA compared to the wild-type mice
under the same condition. Previous reports have
revealed that Th2 cytokines such as IL-4, IL-5, IL-9, and
IL-13 were involved in goblet cell hyperplasia in allergic
airway inflammation (8 —11). Recently, Busse et al.

demonstrated that chronic exposure of TNF-a is related
to airway-induced goblet cell hyperplasia (34). We need
to measure these cytokines to elucidate the mechanism
of goblet cell hyperplasia in the Hdc™”~ mice.

In association with the increase of goblet cells, the
higher levels of Gob-5 and MUC54C mRNA were
evaluated in the Hdc™~ mice exposed to OVA. Previous
reports suggested that the Gob-5 gene, which corre-
sponds to #CLCAI in human beings, was thought to be
one of first steps in mucus cell metaplasia and hyper-
plasia inducing mucin gene expression (18). The
MUCS5AC gene, a member of the mucin gene family,
has been evaluated to be exclusively expressed in the
airway and associated with hyperplasia of goblet cells.
In addition to IL-4, IL-5, IL-9, and IL-13 (35 - 38),
TNF-a was reported to increase the expressions of the
Gob-5 and MUCS5AC genes. These evidences suggested
that the changes in the production of these cytokines in
the Hdc”~ mice might cause the higher mRNA levels of
the Gob-5 and MUCS5AC genes, leading to the increased
number of goblet cells in the airway.

The cell differentials in the BALF of the sensitized the
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Hdc™~ mice exposed to OVA were different from those
of the wild-type mice under the same condition. The
ratio of eosinophils in the BALF of the Hdc”™ mice
was lower compared to that of the wild-type mice.
Koarai et al. demonstrated the lower expression of P-
selectin in the lung of the Hdc™™ mice compared to the
wild-type mice, and they suggested that the low level of
P-selectin expression might cause a low influx of
eosinophils from blood into the alveolar space in the
Hdc”~ (39). A recent study has demonstrated that the
H4R mediates eosinophil chemotaxis, cell shape change,
and upregulation of adhesion molecules (30). In our
experiment, we could speculate that H4R-dependent
eosinophil chemotaxis could not be fully activated in
allergic airway inflammation in the Hdc™'~ mice; and as
a result, eosinophil influx into alveolar space might be
suppressed after allergen challenge.

In summary, we demonstrated the augmented goblet
cell hyperplasia in the airway of OV A-sensitized hista-
mine-deficient mice exposed to OVA during two weeks
compared with the wild-type mice under the same
condition.
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