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ABSTRACT
Background: Histamine is known to have immunoregulatory roles in allergic reactions through histamine re-
ceptor 1 (H1R), H2R, H3R and H4R. However, its role in goblet cell hyperplasia in the airways of asthma pa-
tients is yet to be clarified.
Objective: This study was designed to examine the role of histamine in goblet cell hyperplasia using
histamine-deficient mice (Hdc-�- mice) with allergic airway inflammation.
Methods: Wild-type and Hdc-�- C57BL�6 mice were sensitized with ovalbumin (OVA). After a 2-week expo-
sure to OVA, goblet cell hyperplasia was evaluated. Cell differentials and cytokines in BALF were analyzed.
The mRNA levels of MUC5AC and Gob-5 gene were determined quantitatively.
Results: The number of eosinophils in BALF increased in both the sensitized wild-type mice and Hdc-�- mice
with OVA inhalation. In addition, the numbers of alveolar macrophages and lymphocytes in BALF increased
significantly in the sensitized Hdc-�- mice with OVA inhalation compared to the wild-type mice under the same
conditions. The concentrations of Interleukin-4 (IL-4), IL-5, IL-13, Interferon-γ (IFN-γ), tumor necrosis factor-α
(TNF-α) and IL-2 in the BALF all increased significantly in both groups compared to those exposed to saline. In
particular, the concentration of TNF-α in the Hdc-�- mice exposed to OVA was significantly higher than that in
the wild-type mice under the same conditions. The mRNA levels of Gob-5 and MUC5AC, and the ratio of the
goblet cells in the airway epithelium significantly increased in Hdc-�- mice exposed to OVA compared to wild-
type mice.
Conclusions: 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 Al-
though goblet cell hyperplasia with mucus hyper-
secretion has been reported to be associated with the
development of airway hyperresponsiveness and the
increase of severity and mortality in bronchial
asthma1-4, the mechanisms responsible for goblet cell

hyperplasia are not completely understood.
Histamine is known to be a strong chemical media-

tor that stimulates secretion from goblet cells. Bryce
et al. recently reported that the airway inflammatory
response and goblet cell hyperplasia to allergic stim-
uli diminished in H1 receptor (H1R) knock-out mice,
suggesting that histamine may be involved in the im-
munomodulation in airway allergic reaction including
Th1 and Th2 cytokine production and goblet cell hy-
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perplasia.5
It has been reported that histamine can modulate

T-cell-mediated immune responses.6 Mast cells and
basophils, which have been considered mainly to be
effector cells for IgE-mediated reactions, can modu-
late the immune response through secreted hista-
mine. Jutel et al. demonstrated, using H1R and hista-
mine H2 receptor (H2R) knock-out mice, that hista-
mine augmented TH1 response T lymphocytes
through H1R and suppressed both TH1 and TH2 re-
sponses through H2R.7 In addition, histamine H4 re-
ceptor (H4R) has recently been identified and an H4R
inhibitor has been demonstrated to have a suppres-
sive effect on allergic airway inflammation, including
eosinophil and mast cell infiltration in murine asthma
models.8-11 In this context, histamine may have vari-
ous roles in allergic airway inflammation through
H1R, H2R and H4R in immune cells including T lym-
phocytes and dendritic cells.

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,12 or exogenous oxidants pro-
duced by cigarette smoke13 or diesel engine emis-
sions.14 On the other hand, it has been demonstrated
that the TH2 lymphocyte-derived cytokines inter-
leukin-4 (IL-4), IL-5, IL-9, and IL-13 induce goblet
cell hyperplasia in animal models and in vitro stud-
ies.15-19

According to previous reports, several genes are
up-regulated in association with goblet cell hyperpla-
sia. Among them, MUC genes encode various mucin
glycoproteins which are primary secretory proteins
consisting of a family of genes (ie, MUC-1, MUC-2
and MUC4).20,21 MUC5AC is the predominant MUC
gene expressed in the airway.21 It has been demon-
strated that the level of MUC5AC gene expression in-
creases in both animal models of asthma and tissue
samples from patients with asthma.22-24

In addition, the overexpression of the Gob-5 gene
has been reported in airway epithelia with exacer-
bated AHR, goblet cell hyperplasia, mucus overpro-
duction, and eosinophil infiltration in a murine
asthma model.25 Gob-5 gene in the mouse corre-
sponds to CLCA1 gene in humans, which regulates
calcium activated chloride conductance. It has been
shown to induce mucin gene expression (MUC5AC)
in the human mucoepidermoid cell line NCI-H292
and its expression was demonstrated to increase in
patients with asthma.25-27

Histamine-deficient mice are now available by dis-
rupting L-histidine decarboxylase gene (HDC knock-
out mice: Hdc-�-).28 Histamine exerts its various bio-
logical actions via H1, H2, H3 and H4. Due to the
overlapping, and sometimes antagonistic function of
the receptors in the presence of endogenous hista-
mine, receptor blocking alone cannot achieve com-
plete elimination of the histamine system. It is, there-

fore, reasonable to evaluate the total role of histamine
with Hdc-�- mice.

An analysis of cytokine production and cell differ-
entials in BALF in sensitized Hdc-�- mice with allergic
airway inflammation has been previously reported,
however, these investigated only the acute airway re-
sponses in murine asthma models with a short expo-
sure to allergens.29,30 There have been few data about
airway remodeling that included goblet cell hyperpla-
sia in histamine-deficient mice.

In this study, we designed an experimental asthma
model with a relatively long duration of allergen ex-
posure to Hdc-�- mice to elucidate the roles of hista-
mine in airway remodeling, focusing especially on
goblet cell hyperplasia.

METHODS
ANIMALS
HDC knockout (Hdc-�-) mice were generated by
Ohtsu et al.28. In the present study, we used 6 to 8-
week-old female Hdc-�- mice backcrossed for six gen-
erations with C57BL�6 mice, and used age�gender-
matched C57BL�6N mice (Japan SLC, Shizuoka, Ja-
pan) as controls. The mice used for this study were
generated by breeding homozygous Hdc-�- mice in
the facilities of Tohoku University (Sendai, Japan).
Both HDC-�- and wild-type mice were kept on a nor-
mal diet containing <0.3 mg of histamine�g of food.
All experiments described in this study were per-
formed 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 PRO-
TOCOL
The mice were sensitized according to the methods
described in a previous study.31 In brief, mice were
sensitized on days 0 and 5 of the protocol by an in-
traperitoneal injection of 0.5 ml aluminum hydroxide-
precipitated antigen containing 8 μg OVA (Sigma
Chemical Co., St. Louis, MO) adsorbed overnight at
4℃ to 4 mg of aluminium hydroxide (Wako Chemical
Co., Tokyo, Japan) in phosphate-buffered saline
(PBS). Twelve days after the second immunization,
the wild-type mice and Hdc-�- mice were divided into
3 groups respectively, each consisting of 6 animals.
Each of the wild-type mice groups and one of the
Hdc-�- mice groups were killed for analysis as con-
trols without inhalation. To perform chronic exposure
of OVA, 2 groups of each of the wild mice and Hdc-�-
mice were placed in a plastic chamber (10 cm × 15
cm × 25 cm) and exposed to aerosolized OVA (5 mg�
ml in 0.9% saline) for 1 hour every other day for 14
days. The other 2 groups of the wild-type mice and
Hdc-�- mice were exposed only to 0.9% saline every
other day for 14 days. The aerosolized OVA was pro-
duced by a Pulmo-Aide Compressor�Nebulizer
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(Devilbiss) (Sunrise Medical HHG, Inc., Somerset,
PA, USA) at a flow rate of 5−7 liter�minute.

COLLECTION AND MEASUREMENT OF SPECI-
MENS
After being exposed to aerosolized saline or OVA
every other day for 2 weeks, each group of mice was
killed on the 14th day, 24 hours after final inhalation,
and bronchoalveolar lavage fluid (BALF) and lung tis-
sues were collected. To collect BALF, the lungs were
dissected and the trachea was cannulated with a poly-
ethylene tube (Becton Dickinson, Sparks, MD, USA).
The lungs were lavaged twice with 0.5 ml PBS, and
up to 0.8 ml of the instilled fluid was consistently re-
covered. The recovered fluid was centrifuged (300 × g
for 6 minutes) 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 from each sam-
ple containing 10,000 cells by cytospin (Cytocentri-
fuge, Sakura Seiki, Tokyo, Japan) and stained with
May-Grunwald-Giemsa stain. Differential counts of at
least 500 cells were made according to standard mor-
phologic criteria. The numbers of cells recovered per
mouse were then expressed as the mean and stan-
dard error of the mean (SEM) for each treated group.

After centrifugation, supernatants were stored at
−80℃ for the measurement of cytokines. After har-
vesting BALF, lungs were fixed with formaldehyde
and were embedded in paraffin. These 3-μm-thick
sections were stained with hematoxylin eosin (HE)
and periodic acid-Schiff (PAS). In addition, other
parts of the left lungs were stored at −80℃ for RNA
extraction.

MEASUREMENT OF SERUM CONCENTRATION
OF IgE
Serum IgE levels were determined using the com-
mercially available ELISA kit (Yamasa, Chiba, Japan).

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 μm) and more than 10
small bronchi (diameter <150 μm) per lung under mi-
croscopy. The results were expressed as percentages
of PAS positive cells per total epithelial cells. In addi-
tion, lung sections were stained with HE.

ISOLATION OF TOTAL RNA AND REAL-TIME
QUANTITATIVE PCR
Total RNA from the whole lobes of the left lungs was
obtained using ISOGEN (Wako Pure Chemicals,
Osaka, Japan), quantified by spectrophotometry. The
quality of the obtained RNA was confirmed by aga-

rose gel electrophoresis.
To quantify the mRNA of Gob-5, MUC5AC, and

glyceraldehyde-3-phosphatase dehydrogenase (GAPDH)
expression in the murine lungs, quantitative PCR was
carried out using an ABI Prism 7700 Sequence Detec-
tor (Perkin-Elmer Applied Biosystems, Foster City,
CA, USA) as previously described.32

Oligonucleotide PCR primer pairs and fluorogenic
probes for murine MUC5AC and Gob-5 were de-
signed from the published sequences using Primer
Express software (Perkin-Elmer) (sense primer: 5’-
ACTGTTACTATGCGATGTGTAGCCA-3’, antisense
primer; 5’-GAGGAAACACATTGCACCGA-3’; Taqman
probe: 5’-[FAM] ACTGCCACCTGTCACTGGGCGG
[TAMRA]-3’) for MUC5AC and (sense primer: 5’-
AGGGCATCGTCATCGCC-3’; antisense primer: 5’-
TCCTTTATGTGTTGAATGAGGGC-3’; Taqman pro-
be: 5’-[FAM] AGACCACGACGTGCCGGAAGATG
[TAMRA]-3’) for Gob-5.33 Primers and the labeled
probe (VIC) for rodent GAPDH were purchased from
Perkin-Elmer Applied Biosystems. 100 ng of RNA dis-
solved in 10 μl of water from each aliquot of murine
lung tissue was denatured at 90℃ for 90 seconds.
Each RNA sample (100 ng�10 μl of water) was mixed
in 40 μl of buffer containing the following reagents for
the one-step RT-PCR reaction: 50 mM KCl, 10 mM
Tris-HCl (pH 8.3), 0.01 mM EDTA, 60 nM Passive
Reference 1 (Applied Biosystems), 5 mM MgCl2, 100
nM sense primer, 100 nM antisense primer, 0.3 mM
deoxynucleoside triphosphate (Boehringer), 0.4 U�μl
RNase inhibitor (Promega), 0.4 U�μl Moloney
murine leukemia virus RT (Perkin Elmer), 0.0025 U�
μl Taq Gold Polymerase (Perkin Elmer), and 100 nM
Taqman probe, as described above. The fragment of
mRNA for Gob-5, MUC5AC and GAPDH was re-
versely transcribed into cDNA (30 minutes at 48℃)
and amplified by PCR for 40 cycles (15 seconds at
95℃ and 1 minute at 60℃). 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 tar-
get fragment.34 The standard curve was obtained be-
tween the fluorescence emission signals and C by
means of duplicated serial dilutions of each quantified
cDNA fragment which contained the targeted se-
quences. The expression of MUC5AC and Gob-5
mRNA was normalized to the constitutive expression
of GAPDH mRNA.

CYTOKINE ASSAY
Concentrations of IL-4, IL-5, Interferon-g (IFN-g), tu-
mor necrosis factor-a (TNF-α) and IL-2 in BALF were
determined with cytokine Bead Array inflammatory
kits using flow cytometry according to the manufac-
turer’s instructions (BD PharMingen, San Diego, CA,
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C57BL/6: Hdc-/- OVA,
14th day

C57BL/6: Hdc-/-
saline, 14th day

C57BL/6: wild OVA, 
14th day

C57BL/6: wild
saline, 14th day

62.1±7.0＊  
(n＝6) 

3.60±0.21
(n＝6)

28.2±5.1 
(n＝6)

2.29±0.64
(n＝6)

Total cells (×104/ml)

23.5±3.73＊
(37.9±6.0%) 

3.43±0.11
 (95.2±3.0%)

2.09±0.56
 (7.40±2.0%)

2.16±0.06
 (94.2±2.5%)

Alveolar macrophages

10.8±4.04＊
(17.4±6.5%) 

0.15±0.09
 (4.20±2.6%)

0.45±0.25
   (1.6±0.9%)

0.13±0.06
 (5.75±2.5%)

Lymphocytes

27.8±6.40  
 (44.8±10.3%)

0.22±0.01
  (0.6±0.4%)

25.7±0.50
 (91.0±1.8%)

 ＜0.001
(＜0.1%)

Eosinophils

 ＜0.01
(＜0.1%)

 ＜0.01
(＜0.1%)

 ＜0.01
(＜0.1%)

 ＜0.01
(＜0.1%)

Neutrophils

 ＜0.01
(＜0.1%)

 ＜0.01
(＜0.1%)

 ＜0.01
(＜0.1%)

 ＜0.01
(＜0.1%)

Epithelial cells

The absolute number of cells in BALF on 14th day after saline and OVA inhalation in mice sensitized with OVA was calculated. The num-

bers in parentheses indicated % in the total cells in BALF. BALF was collected as described in “Methods”. Values were expressed as the 
means±SEM of 6 mice. ＊p＜0.01 relative to the respective value of wild-type mice with OVA inhalation.

Table 1 Total cell number and cell differential in BALF of the wild-type and Hdc-/- mice after saline and OVA inhalation

USA). The concentration of IL-13 in BALF was meas-
ured using ELISA (RayBio, Norcross, GA, USA).

STATISTICAL ANALYSIS
Data were expressed as mean ± SEM. Multiple com-
parisons of mean data among the groups were ana-
lyzed by the Mann-Whitney U test. Probability values
of less than 0.05 were considered to indicate a statisti-
cally significant difference.

RESULTS
CELL DIFFERENTIALS IN BALF OF Hdc-�- MICE
Repetitive exposure to OVA for 2 weeks induced a
marked increase of the total cell numbers in BALF in
both wild-type and Hdc-�- mice sensitized with OVA,
compared with those from the wild-type mice group
and mice sensitized with OVA and exposed to saline
(Table 1). The total cell numbers in BALF from the
Hdc-�- mice sensitized with OVA and then exposed to
OVA increased significantly more than in wild-type
mice under the same conditions. The absolute num-
bers of alveolar macrophages, lymphocytes and
eosinophils in Hdc-�- mice sensitized with and ex-
posed to OVA increased significantly compared to
mice sensitized with OVA and exposed to saline. In
particular, the absolute numbers of alveolar macro-
phages and lymphocytes in Hdc-�- mice sensitized
with and exposed to OVA were significantly higher
than those of wild-type mice under the same condi-
tion. Eosinophils were the predominant cells in BALF
from the wild-type mice exposed to OVA and the ratio
of eosinophils in BALF was higher compared with
that of Hdc-�- mice. However, there was no significant
difference in the absolute cell numbers of eosinophils
in these 2 groups.

CYTOKINES IN BALF OF Hdc-�- MICE
TNF-α, IL-4, IL-5, IL-13, INF-γ and IL-2 in BALF were

measured. The concentrations of TNF-a in BALF of
both wild (15.08 ± 0.58 pg�ml: mean ± SEM) and
Hdc-�- mice (25.30 ± 4.23 pg�ml) exposed to OVA in-
creased markedly compared to those of wild-type
(2.28 ± 0.40 pg�ml) and Hdc-�- mice (2.27 ± 0.40 pg�
ml) exposed to saline (Fig. 1A). The concentration of
TNF-α in the Hdc-�- mice exposed to OVA was signifi-
cantly higher than that of the wild-type mice under
the same conditions.

The concentrations of IL-4 in BALF from both wild-
type and Hdc-�- mice sensitized with and exposed to
OVA increased significantly compared to wild and
Hdc-�- mice sensitized with OVA and exposed to sa-
line. The concentration of IL-4 in the Hdc-�- mice ex-
posed to OVA was significantly lower than that of
wild mice under the same conditions (Fig. 1B).

The concentrations of IL-2, IL-5, IL-13 and INF-γ in
BALF from both wild-type and Hdc-�- mice sensitized
with and exposed to OVA increased significantly
compared with that of wild-type and Hdc-�- mice sen-
sitized with OVA and exposed to saline. No statisti-
cally significant difference in these cytokines be-
tween the wild-type and Hdc-�- mice exposed to OVA
(Fig. 1C, D, E, F).

SERUM IgE OF Hdc-�- MICE
The concentrations of serum IgE in both wild-type
(2133.6 ± 370.3 ng�ml) and Hdc-�- mice (998.9 ± 254.0
ng�ml) exposed to OVA were markedly higher than
those exposed to saline (wild-type exposed to saline:
416.1 ± 25.1 ng�ml, Hdc-�- mice exposed to saline:
371.7 ± 17.2 ng�ml) and without exposure (wild-type:
390.1 ± 32.5; Hdc-�-: 328.1 ± 14.8) (Fig. 2). The con-
centration of serum IgE in the Hdc-�- mice exposed to
OVA was significantly lower than that of the wild-type
mice under the same conditions.
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Fig. 1 A, B, C, D, E, F: Outlined column: wild-type mice; Solid column: Hdc-/- mice; Column a 
and c: saline inhalation; Column b and d: OVA inhalation, A: TNF-α, B: IL-4, C: IL-5, D: IL-13, E: 
INF-γ, F: IL-2 concentration in BALF. ＊p＜0.01, ＊＊p＜0.05.
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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 and exposed to
OVA increased significantly compared with those of
wild-type and Hdc-�- mice sensitized with OVA and
exposed to saline. The level of Gob-5 mRNA in the
Hdc-�- mice exposed to OVA was significantly higher
than that of wild-type mice under the same conditions
(Fig. 3).

MUC5AC GENE EXPRESSION IN THE LUNG OF
Hdc-�- MICE
Levels of MUC5AC mRNA in lung tissue of both wild-
type and Hdc-�- mice sensitized with OVA and ex-
posed to OVA increased markedly compared with
those of wild and Hdc-�- mice sensitized with OVA ex-
posed to saline. The level of MUC5AC mRNA in the
Hdc-�- mice exposed to OVA was significantly higher
than that of wild-type mice under the same conditions
(Fig. 4).

GOBLET CELLS OF LARGE AND SMALL AIR-
WAYS
PAS staining demonstrated an increase in the num-
ber of goblet cells in the epithelium in large and small
airways of both wild-type and Hdc-�- mice sensitized
with OVA (Fig. 5A a−f, B a−f). Goblet cell hyperplasia
was more prominent in the Hdc-�- mice exposed to
OVA than in the wild-type mice under the same con-
ditions (Fig. 5A c, A f, B c, B f). Repetitive saline inha-
lation induced a mild increase in the number of gob-
let cells in large and small airways of both wild-type
and Hdc-�- mice (Fig. 5A b, A e, B b, B e).

QUANTIFICATION OF GOBLET CELLS 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 and exposed to OVA, increased mark-
edly compared with those of the wild-type and Hdc-�-
mice sensitized with OVA and exposed to saline (Fig.
6A, B). The ratios of goblet cells in the epithelium in
large and small airways of the Hdc-�- mice exposed to
OVA were significantly higher than that of wild-type
mice under the same condition.
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Fig. 2 IgE concentration in serum. Outlined column: wild-
type mice; Solid column: Hdc-/- mice; Column A and D: be-
fore inhalation; Column B and E: saline inhalation; Column 
C and F: OVA inhalation. ＊p＜ 0.01, ＊＊p＜ 0.05, ns: not 
significant.
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Fig. 3 Gob-5 gene expression in the lung. Outlined 
column: wild-type mice; Solid column: Hdc-/- mice; Column 
A and C: saline inhalation; Column B and D: OVA 
inhalation. ＊p＜0.01.
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Fig. 4 MUC5AC gene expression in the lung. Outlined 
column: wild-type mice; Solid column: Hdc-/- mice; Column 
A and C: saline inhalation; Column B and D: OVA 
inhalation. ＊p＜0.01.
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DISCUSSION
In this study, we demonstrated that goblet cell hyper-
plasia was enhanced in Hdc-�- mice sensitized with
OVA after repetitive OVA exposure for 14 days. We

also demonstrated a striking difference in differential
cytological features in BALF between 2 murine
asthma models with Hdc-�- mice, representing the
acute allergic airway response with a short period of
OVA exposure previously reported29,30 and a rela-
tively chronic allergic airway response shown in the
present study. We found significant increases of al-
veolar macrophages and lymphocytes in BALF of
Hdc-�- mice with repetitive exposure to OVA for 2
weeks compared with the wild-type mice under the
same conditions. The concentration of TNF-a in
BALF in the Hdc-�- mice after repetitive OVA expo-
sure was significantly higher than that of the wild-
type mice under the same conditions.

Histamine has been recognized as a chemical me-
diator playing a central role in allergic reactions in-
cluding mucosal edema, mucous gland secretion,
smooth muscle contraction, etc. Recent studies have
demonstrated that histamine plays a critical role in
immunomodulation by acting on different types of
histamine receptors such as H1R, H2R and H4R on
the surface of immune cells and inflammatory
cells.6-11 Using mutant mice lacking H1R and H2R,
Jutel et al. demonstrated that histamine enhances
TH1-type responses by triggering H1R, whereas both
TH1- and TH2-type responses were negatively regu-
lated by H2R. Indeed, the deletion of H1R resulted in
suppression of IFN-γ, IL-4 and IL-13, and the deletion
of H2R showed an up-regulation of both TH1 and
TH2 cytokines (IL-4 and IL-13).7 Bryce et al. recently
demonstrated the interesting opposite effects of H1R
inhibition on cultured T cells in vitro and the airway
response with allergic inflammation in vivo using a
murine asthma model.5 In their report, allergen-
stimulated splenic T cells from sensitized H1R knock-
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Fig. 5 A: Goblet cells in the large airways, B: Goblet cells in the small airways. The goblet cells in the epithe-
lium were stained with PAS. a, b and c: wild-type mice; d, e and f: Hdc-/- mice; a and d: before inhalation; b and 
e: saline inhalation; c and f: OVA inhalation. black bars indicate 50μm.

A

B

a b c

d e f

a b c

d e f

out mice exhibited enhanced TH2 cytokine produc-
tion. However, in contrast, allergen-challenged H1R
knockout mice exhibited diminished lung TH2 cy-
tokine mRNA levels, airway inflammation, goblet cell
metaplasia, and airway hyperresponsiveness (AHR).

The present study demonstrated that the concen-
tration of IL-4 in BALF was significantly lower in the
Hdc-�- mice than in the wild-type mice after exposure
to OVA, which was consistent with the experiment of
the Hdc-�- mice by Kozma et al.,30 despite differences
in the duration of OVA exposure. The concentrations
of IL-2, IL-5, IL-13 and INF-γ showed no significant
differences between the Hdc-�- mice and the wild-

type mice. The lower level of IL-4 in the Hdc-�- mice
was consistent with the lower level of serum IgE in
the Hdc-�- mice after the exposure to OVA. These
changes may be explained at least in part by the sup-
pressed recruitment of activated TH2 cells into the
lung due to the blockade of H1R in T lymphocytes, as
suggested by Bryce et al.5

H1R, H2R and H4R are expressed in monocytes,
macrophages and dendritic cells, and histamine plays
a regulatory role in expression of cytokines and adhe-
sion molecules in these cells.35 Mazzoni et al. demon-
strated that histamine inhibited INF-a and released
TNF-a from activated plasmacytoid dendritic cells
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Fig. 6 A: Goblet cell ratio in the large airways, B: Goblet 
cell ratio in the small airways. Outlined column: wild-type mi-
ce; Solid column: Hdc-/- mice; Column a and c: saline inha-
lation, Column b and d: OVA inhalation. ＊p＜0.01.
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through H2R.36 Histamine also inhibited lipopoly-
saccharide-induced TNF-α production by down-
regulating intercellular adhesion molecules (ICAM)-1
in human monocytes through H2R.37 Alveolar macro-
phages are known to be a major source of TNF-α in
the lung, and the increased production of TNF-α by
alveolar macrophages in patients with asthma has
been reported.38,39 The present study demonstrated
an increase in the TNF-α concentration in BALF in
the Hdc-�- mice exposed to OVA compared to the
wild-type mice under the same condition. This result
suggested that histamine may play a role in suppress-
ing TNF-α production through H2R in allergic airway
inflammation in mice.

Busse et al. have recently demonstrated that
chronic exposure of TNF-α to the airway induced
goblet cell hyperplasia.40 Taking these findings into
consideration, we speculate that the depletion of his-
tamine in the Hdc-�- mice induced the up-regulation
of TNF-α production, resulting in the increase of gob-

let cells in the airways with allergic inflammation.
In association with the increase of goblet cells,

higher levels of Gob-5 and MUC5ac mRNA were
found in the Hdc-�- mice exposed to OVA. Previous
reports have suggested that the expression of the
Gob-5 gene, which corresponds to hCLCA1 in human
beings, would be one of the first steps in mucus cell
metaplasia and hyperplasia by inducing mucin gene
expression.25 MUC5ac gene, a member of the mucin
gene family, has been shown to be expressed exclu-
sively in the airway and associated with the hyperpla-
sia of goblet cells. In addition to IL-4, IL-5 and IL-13,
TNF-α was reported to increase the expression of the
Gob-5 and MUC5ac genes.41 These findings sug-
gested that the increased production of TNF-α in the
BALF of the Hdc-�- mice exposed to OVA may be, at
least in part, involved in the increase of mRNA levels
of the Gob-5 and MUC5ac genes, leading to the in-
creased number of goblet cells in the airway.

Antigen challenge of sensitized mice or human
asthmatic subjects results in increased TNF-α expres-
sion in BALF, peripheral blood, and tissue biopsy
specimens.42-46 TNF-α production is partly regulated
by histamine via H2R in macrophages and dendritic
cells, as described above. Although we had no direct
evidence to evaluate the role of TNF-α in goblet cell
hyperplasia, the results of our study suggested that
the increased level of TNF-α might contribute to en-
hance goblet cell hyperplasia and that histamine may
be involved in the negative regulation of TNF-α pro-
duction in allergic airway inflammation via the hista-
mine receptors of inflammatory cells, including
macrophages. To confirm the above, further studies
are needed, such as experiments using mice in which
the TNF-α activity is blocked with antibody or gene
disruption.

There was a discrepancy between the TNF-α levels
and the macrophage counts. The concentration of
TNF-α in the knock-out mice was twice that in the
wild-type mice, and the number of alveolar macro-
phages in Hdc-�- mice was ten times that in the wild-
type mice. We have no data to explain this, however,
to answer this question, it would be necessary to
evaluate the capacity of TNF-α production by alveolar
macrophages in Hdc-�- mice and wild mice. It would
also be necessary to evaluate the time course of the
concentration of TNF-α and the number of alveolar
macrophages to understand their relationship.

We demonstrated the increased number of lym-
phocytes in BALF of Hdc-�- mice. It has been re-
ported by Jutel et al. that histamine stimulated the
Th1 response through the H1 receptor. On the other
hand, the activities of both Th1 and Th2 lymphocytes
were inhibited by histamine through the H2 recep-
tor.7 Elimination of the inhibitory actions on lympho-
cytes by histamine through the H2 receptor in Hdc-�-
mice may contribute to the increased number of lym-
phocytes in BALF.
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The number of lymphocytes in the BALF of Hdc-�-
mice was twenty times that of wild-type mice, al-
though no significant difference in the concentration
of IL-2 in the BALF was found between knock-out and
wild-type mice. The number of cells and cytokine lev-
els in BALF are not always concordant in the time
courses of in vivo experiments. The level of IL-2 in
BALF peaked within 1 week during exposure to OVA
(unpublished data). However, in this study we exam-
ined the cytokine levels and the cell differentials in
BALF only on the 14th day. To explain the discrep-
ancy between the IL-2 level and the number of lym-
phocytes in BALF in the study, it would have been
helpful to evaluate the time course of IL-2 concentra-
tion and the number of lymphocytes in BALF.

Although we designed a 2- week exposure program
to evaluate the extent of goblet cell hyperplasia in the
Hdc-�- mice, we did not examine airway hyperrespon-
siveness (AHR). However, we found no difference in
AHR between the Hdc-�- and the wild mice in our pre-
liminary study as was reported in the previous acute
model (unpublished data).29

In the present study, we did not measure the anti-
OVA specific IgE in serum. Although the levels of se-
rum OVA-specific IgE and total IgE are not always
consistent, the procedures for sensitization with OVA
and exposure to OVA were directly associated with
the increase of IgE in serum. Despite the fact that the
levels of serum OVA-specific IgE were different from
the level of total IgE in serum, the level of total IgE in
serum reflected strongly the levels of serum OVA-
specific IgE in our study.

Anti-histamine drugs available for therapy consist
of H1 and H2 blockers. H1 blockers have not been
recommended for therapy for asthma, but their anti-
allergic actions have been recognized. According to
the results of this study, the H2 blocker may have the
possibility of stimulating goblet cell hyperplasia in pa-
tients with allergic asthma. It will be necessary to
evaluate the effects of H2 blockers in a clinical study
in the future.

In conclusion, we demonstrated enhanced goblet
cell hyperplasia in the airway of OVA sensitized
histamine-deficient mice. The results of our study
suggested that histamine may play a significant role
in goblet cell hyperplasia in the airway with allergic
inflammation.
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