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ABSTRACT.	 The distributions of β-defensin 1 and 2 in secretory host defense system throughout 
respiratory tract of healthy rats were immunohistochemically investigated. In the nasal epithelium, 
a large number of non-ciliated and non-microvillous cells (NCs) were immunopositive for both 
β-defensin 1 and 2, whereas a small number of goblet cells (GCs) were immunopositive only 
for β-defensin 1. Beta-defensin 2-immunopositive GCs were few. In the nasal glands, a small 
number of acinar cells and a large number of ductal epithelial cells were immunopositive for both 
β-defensins. In the laryngeal and tracheal epithelia, a very few NCs and GCs were immunopositive 
for both β-defensins. In laryngeal and tracheal glands, a very few acinar cells and a large number 
of ductal epithelial cells were immunopositive for both β-defensins. In the extra-pulmonary 
bronchus, a small number of NCs were immunopositive for both β-defensins. A small number 
of GCs were immunopositive for β-defensin 1, whereas few GCs were immunopositive for 
β-defensin 2. From the intra-pulmonary bronchus to alveoli, a very few or no epithelial cells 
were immunopositive for both β-defensins. In the mucus and periciliary layers, β-defensin 1 was 
detected from the nose to the extra-pulmonary bronchus, whereas β-defensin 2 was weakly 
detected only in the nose and the larynx. These findings suggest that the secretory sources of 
β-defensin 1 and 2 are mainly distributed in the nasal mucosa and gradually decrease toward the 
caudal airway in healthy rats.
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The cyclic inhalation of outside air into the respiratory tract introduces microorganisms and other foreign substances [23, 48]. 
Large particulates generally deposit on the surfaces of cranial respiratory mucosa [14, 23, 37], whereas minute particulates, such 
as bacteria, deposit on those of entire respiratory tract [23, 37]. The mucus and periciliary layers are located on the nose and 
the tract from the larynx to extra-pulmonary bronchus [30, 50], and inhaled particulates adhere to either layers. The mucus and 
periciliary fluids are transported toward the pharynx by the beating of cilia of epithelial cells [31] and are finally swallowed into 
the alimentary tract [19, 31]. However, in the most caudal portion of the airway, the alveolus, inhaled particles adhere to the serous 
layer (corresponding to the periciliary layer in other respiratory portions) and are engulfed by alveolar macrophages [42].

The deposited bacteria are affected by various bactericidal substances, such as lysozyme, secretory phospholipase A2 (sPLA2) 
and defensins that are contained in the nasal or bronchi-alveolar lavage fluids [44]. Lysozyme and sPLA2, which have wide 
antimicrobial spectra [13, 18, 35, 47], are contained in secretions in various lavage fluids from humans [2, 9, 10]. A previous 
immunohistochemical study clarified the distributions of lysozyme- and sPLA2-secreting cells of the respiratory tract of healthy 
rats [30].
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Defensins are classified into three types according to their structure: α-defensins, β-defensins and θ-defensins. There are 39 
β-defensin genes in humans, 43 in rats, 43 in dogs and 52 in mice [34]. In general, β-defensin proteins are named as the products 
of β-defensin genes that were originally numbered sequentially on discovery, except for β-defensin 2 protein, which was shown to 
be encoded by the gene Defb4 in rat and mouse [34, 40]. Therefore, the β-defensin encoded by Defb4 is designated as β-defensin 
2 in this report, as in the past. The defensins also have a wide antimicrobial spectrum, with the capacity to kill Gram-positive and 
-negative bacteria [4], viruses [43] and fungi [12], although they preferentially attack Gram-negative over Gram-positive bacteria 
[20, 21, 40]. Their bactericidal activity depends on the formation of multimers of defensin molecules in the bacterial membranes 
and the acceleration of permeability through the bacterial membranes [24]. Beta-defensin 1 has been detected in nasal lavage fluids 
[8] and broncho-alveolar lavage fluids [1, 26]. Beta-defensin 2 has been detected in nasal lavage fluids [11] and broncho-alveolar 
lavage fluids [26] from healthy humans. Beta-defensin 1 mRNA has also been detected in the bronchus of humans [41], in the nose, 
trachea and large bronchioles of mice [3], and in the trachea of rats [27] by in situ hybridization. Beta-defensin 2 mRNA has been 
detected in the bronchus of humans [41] and granular alveolar cells of rats [27]. However, the detailed distribution of secretory 
cells of these β-defensins throughout the respiratory tract has not been clarified in vivo. In this study, therefore, we investigated 
the detailed distribution of the secretory sources and secretory products of β-defensin 1 and 2 throughout the respiratory tract of 
healthy rats.

MATERIALS AND METHODS

Animals
Thirteen specific-pathogen-free male Wistar rats aged 7 weeks and derived from different mothers (Japan SLC Inc., Hamamatsu, 

Japan) were maintained under specific-pathogen-free conditions in individual ventilated cages (Sealsafe PLUS; Tecniplast S.p.A, 
Buguggiate, Italy) with controlled temperature (23 ± 1°C) and humidity (50%) under a 12-hr light/dark cycle at the Life-Science 
Laboratory of Kobe University. All animals were permitted free access to water and food (Lab R-A2; Japan SLC Inc.). Clinical 
and pathological examinations in all animals confirmed no sign of disorder. Experiments were approved by the Institutional 
Animal Care and Use Committee (permission number: 25-06-01) and were carried out according to the Kobe University Animal 
Experimentation Regulations.

Tissue preparation
All rats were euthanized with an intraperitoneally injected overdose of pentobarbital sodium (Kyoritsu Seiyaku Corp., Tokyo, 

Japan).
To identify secretory sources of β-defensin 1 and β-defensin 2, 8 rats were transcardially perfused with 4% paraformaldehyde 

(PFA) in 0.1 M phosphate buffer at 38°C. After perfusion, the respiratory region of the nasal mucosa and larynx, trachea, extra-
pulmonary bronchus and lung with intra-pulmonary bronchus were immediately removed and cut into small blocks. All tissue 
blocks were immersion-fixed in 4% PFA for 6 hr at 4°C. The blocks were dehydrated and embedded in paraffin with routine 
methods.

To determine the localization of β-defensin 1 and β-defensin 2 in both the mucus layer and periciliary layer, the nasal mucosa, 
larynx, trachea and extra-pulmonary bronchus were removed from 5 rats after euthanasia. The tissues were cut into small blocks 
and immediately and gently immersed in Carnoy’s fluid with minimal movement of the liquid for 5 min at room temperature (r.t.). 
After fixation, the tissue blocks were dehydrated and embedded in paraffin.

Four µm-thick sections were cut and mounted on slide glasses precoated with 0.2% 3-aminopropyltriethoxysilane (Shin-Etsu 
Chemical Co., Tokyo, Japan) and stored at 4°C until use.

Immunohistochemistry
Antigens were detected using the indirect method of enzyme immunohistochemistry. Briefly, after deparaffinization, sections 

of only PFA-fixed tissues were incubated in 0.06 µg/ml Proteinase K (Sigma-Aldrich Inc., St. Louis, MO, U.S.A.) solution for 20 
min at 37°C for antigen retrieval, and then rinsed with 0.05% Tween-added 0.01 M phosphate buffered saline (TPBS; pH 7.4). 
Both antigen-retrieved sections of PFA-fixed tissues and deparaffinized sections of Carnoy’s fluid-fixed tissues were immersed in 
absolute methanol and 0.5% H2O2 each for 30 min to remove endogenous peroxidase activity. Then, three rinses with TPBS were 
performed after all preparation steps to remove any reagent residues. Following blocking with Blocking One Histo (Nacalai Tesque 
Inc., Kyoto, Japan) for 1 hr at r.t., the sections were reacted with anti β-defensin 1 goat IgG (diluted at 1:200 for PFA-fixed tissue, 
1:50 for Carnoy’s fluid-fixed tissue) or anti β-defensin 2 goat IgG (diluted at 1:200 for PFA-fixed tissue, 1:400 for Carnoy’s fluid-
fixed tissue) (Santa Cruz Biotechnology Inc., Santa Cruz, CA, U.S.A.) for 18 hr at 6°C. The antibody specificity for rat β-defensin 
1 and 2 is described in the manufacturer’s specification forms (β-defensin 1, sc-10851; β-defensin 2, sc-10856), respectively. Then, 
the sections were incubated with horseradish peroxidase-conjugated anti goat IgG donkey IgG (diluted at 1:200; 705-035-147, 
Jackson Immuno Research Inc., West Grove, PA, U.S.A.) for 1 hr at r.t. After rinsing with TPBS, the sections were incubated with 
3,3′-diaminobenzidine tetrahydrochloride (Dojindo Lab., Mashiki, Japan) containing 0.03% H2O2, and were counterstained with 
hematoxylin. Control sections were incubated with TPBS or non-immunized goat IgG instead of primary antibodies.

Polysaccharide staining
Periodic acid Schiff (PAS) reaction was conducted using Carnoy’s fluid-fixed tissues to confirm the preservation of the mucus layer.
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RESULTS

Nasal mucosa
In the nasal epithelium, ciliated epithelial cells made up the largest population, whereas the populations of non-ciliated and 

non-microvillous epithelial cells (NCs) and goblet cells (GCs) were small. The apical cytoplasms of a large number of NCs were 
immunopositive for β-defensin 1 and β-defensin 2. The secretory granules of a small number of GCs were immunopositive for 
β-defensin 1, whereas few GCs were immunopositive for β-defensin 2. Beta-defensin 1 and β-defensin 2 were detected on the tips 
or the entire length of cilia of a large number of ciliated epithelial cells. The basal epithelial cells were immunonegative for both 
β-defensins (Fig. 1a and 1b).

The nasal glands are composed of serous acini, intercalated ducts and excretory ducts. The secretory granules in a small number 
of serous acinar cells and a large number of epithelial cells of intercalated ducts were immunopositive for β-defensin 1 and 
β-defensin 2 (Fig. 1c–f). Immunopositivities for both β-defensins were also detected on the apical cytoplasms of most epithelial 
cells of excretory ducts and in the luminal secretory products, which are probably secretion of acinar cells and epithelial cells of 
excretory ducts (Fig. 1g and 1h).

Laryngeal mucosa
In the laryngeal epithelium, NCs made up the largest cell population, whereas the population of ciliated epithelial cells, GCs 

and microvillous epithelial cells were small. The cytoplasms of a very few NCs and GCs were immunopositive for β-defensin 1 

Fig. 1.	 Localization of β-defensin 1 and 2 in the nasal mucosa. In the nasal epithelium, β-defensin 1 and 2 are immunopositive in NCs (large 
arrows in a and b-1) and cilia of ciliated epithelial cells (double arrows in a and b-1). GCs are weakly immunopositive for β-defensin 1 and 
immunonegative for β-defensin 2 (small arrows in a and b-1), but rare GC weakly immunopositive for β-defensin 2 is presented in the insertion 
figure (small arrow in b-2). All basal epithelial cells are immunonegative (asterisks in a and b-1). In the nasal glands, secretory granules of serous 
acinar cells (arrows in c and d) and intercalated ducts (arrows in e and f), the most apical cytoplasm of epithelial cells of the exocrine ducts 
(arrows in g and h) and the luminal contents of the nasal glands (arrowheads in g and h) are immunopositive for both β-defensins. Bar=10 µm.
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and β-defensin 2 (Fig. 2a and 2b). Immunopositivities for β-defensin 1 and β-defensin 2 were also detected on the tips or the entire 
length of both the cilia of a large number of ciliated epithelial cells and the striated borders of microvillous cells (Fig. 2c and 2d). 
No immunopositivities for β-defensin 1 and β-defensin 2 were detected in the basal epithelial cells (Fig. 2c and 2d).

The laryngeal glands are composed of mucus and serous acini and excretory ducts. Both β-defensins were immunopositive in the 
secretory granules of a very few mucus and serous acinar cells and the apical cytoplasms of a large number of epithelial cells of 
excretory ducts and the luminal contents, which are probably secretion of acinar cells and epithelial cells of excretory ducts, were 
immunopositive for both β-defensins (Fig. 2e–j).

Fig. 2.	 Localization of β-defensin 1 and 2 in the laryngeal mucosa. In the laryngeal epithelium, β-defensin 1 and 2 are immunonegative in NCs 
(large arrows in a-1 and b-1), GC (small arrows in a-1 and b-1) and basal epithelial cells (asterisks in c and d), and are immunopositive in cilia 
of ciliated epithelial cells (large arrows in c and d) and striated border of microvillous epithelial cells (small arrows in c and d). The rare NCs 
(arrows in a-2 and b-2) and GCs (arrows in a-3 and b-3) immunopositive for β-defensin 1 or 2 are also present. In the laryngeal glands, secretory 
granules of mucous (arrows in e and f) and serous acinar cells (arrows in g and h), epithelial cells of glandular ducts (arrows in i and j) and 
luminal contents in glandular ducts (arrowheads in i and j) are immunopositive for both β-defensins. Bar=10 µm.
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Tracheal mucosa
In the tracheal epithelium, NCs were a dominant cell population, whereas the populations of GCs, ciliated epithelial cells and 

microvillous epithelial cells were small. A very few NCs and GCs were immunopositive for β-defensin 1 and β-defensin 2 (Fig. 3a 
and 3b). Immunopositivities for both β-defensins were detected on the tips or the entire length of both the cilia of a large number of 
ciliated epithelial cells and the striated borders of microvillous cells (Fig. 3c and 3d). Basal epithelial cells were immunonegative 
(Fig. 3c and 3d).

The tracheal glands are composed of serous acini and excretory ducts. The secretory granules of a very few serous acinar cells 
were immunopositive for β-defensin 1 and β-defensin 2 (Fig. 3e and 3f). The cytoplasms of a large number of epithelial cells of 
excretory ducts and the luminal contents, which are probably secretion of acinar cells and epithelial cells of excretory ducts, were 
immunopositive for both β-defensins (Fig. 3g and 3h).

Extra- and intra-pulmonary bronchial mucosae
In the extra- and intra-pulmonary bronchial epithelium, NCs made up the largest population, whereas the populations of GCs, 

ciliated epithelial cells and microvillous epithelial cells were small. A small number of NCs were immunopositive for β-defensin 1 
and β-defensin 2 in the extra-pulmonary bronchial epithelium, whereas a very few NCs were immunopositive for both β-defensins 

Fig. 3.	 Localization of β-defensin 1 and 2 in the tracheal mucosa. In the tracheal epithelium, the NCs (large arrows in a-1 and b-1), GC (small 
arrows in a-1 and b-1) and basal epithelial cells (asterisks in a-1 and b-1) are immunonegative for β-defensin 1 and 2, and the cilia of ciliated 
epithelial cells (large arrows in c and d) and striated border of microvillous epithelial cells (small arrows in c and d) are immunopositive for 
both β-defensins. Rare NCs (arrows in a-2 and b-2) and GCs (arrows in a-3 and b-3) immunopositive for both β-defensins are also present. In 
tracheal glands, secretory granules of serous acinar cells (arrows in e and f), epithelial cells of glandular ducts (arrows in g and h) and luminal 
contents in the glandular ducts (arrowheads in g and h) are immunopositive for both β-defensins. Bar=10 µm.
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in the intra-pulmonary bronchial epithelium. In the extra-pulmonary bronchial epithelium, secretory granules of a small number 
of GCs were immunopositive for β-defensin 1, whereas few GCs were immunopositive for β-defensin 2. In the intra-pulmonary 
bronchial epithelium, no immunopositivities were detected in GCs. Immunopositivities for β-defensin 1 and β-defensin 2 were 
detected on the tips or the entire length of a small number of cilia of ciliated epithelial cells and striated borders of microvillous 
cells in the extra-pulmonary bronchial epithelium. But cilia of the ciliated epithelial cells were immunonegative for both 
β-defensins, and microvillous epithelial cells were not present in the intra-pulmonary bronchial epithelium. Basal epithelial cells 
in the both bronchial epithelia were immunonegative for both β-defensins (Fig. 4a–f). In the caudal portion of the extra-pulmonary 
bronchus, no exocrine glands were found.

Bronchiolar epithelium
The cytoplasms of NCs, ciliated epithelial cells and Clara cells in the bronchiole were immunonegative for β-defensin 1 and 

β-defensin 2 (Fig. 5a and 5b).

Alveolar epithelium
In the alveolar epithelium, β-defensin 1 was not detected in granular alveolar cells, whereas the cytoplasms of few granular 

alveolar cells were immunopositive for β-defensin 2. Neither β-defensin was detected in either squamous alveolar cells or alveolar 
macrophages (Fig. 6a and 6b).

Mucus layer and periciliary layer on the epithelial cells
From specimens with Carnoy’s fluid fixation, PAS-reaction clearly identified the mucus layer as a positive line (Fig. 7a–d), 

which anatomically corresponded with the level of the cilia tips. Beta-defensin 1 was detected in a small part of the mucus layer 
and the periciliary layer from the nasal to extra-pulmonary bronchial epithelium. The immunopositivity of β-defensin 1, especially 
in the mucus layer, was the strongest in the nose and decreased toward the distal portion of the respiratory tract (Fig. 7e–h). 
Beta-defensin 2 was weakly detected in only a small portion of the mucus layer and periciliary layer in the nasal and laryngeal 
epithelium, (Fig. 7i and 7j), but was undetectable in either layer in the tracheal and extra-pulmonary bronchial epithelia (Fig. 7k 
and 7l).

Fig. 4.	 Localization of β-defensin 1 and 2 in the extra- and intra-pulmonary mucosae. In the extra-pulmonary bronchial epithelium, β-defensin 
1 and 2 are immunopositive in NCs (large arrows in a and b-1), cilia of ciliated epithelial cells (large arrows in c and d) and striated border of 
microvillous cells (small arrows in c and d). GCs (small arrows in a and b-1) are immunopositive for β-defensin 1 and immunonegative for 
β-defensin 2, but rare GC immunopositive for β-defensin 2 presents in the insertion figure (small arrow in b-2). In intra-pulmonary bronchial 
epithelium, NCs (large arrows in e-1 and f-1), GCs (small arrows in e-1 and f-1) and ciliated epithelial cells (double arrows in e-1 and f-1) are 
immunonegative for both β-defensins. Rare NCs (large arrows in e-2 and f-2) are immunopositive for both β-defensins as shown in the inset. 
Bar=10 µm.
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Negative controls
In the negative control using normal goat IgG instead of the primary antibodies, positive reactions were undetected in specimens 

with PFA fixation, whereas faint and homogenous immunopositive reactions were detected only in the cytoplasms of ciliated 
epithelial cells in specimens with Carnoy’s fluid fixation. No immunopositive reactions were detected in the negative control 
specimens with either fixation when TPBS was used instead of primary antibodies. The individual immunopositivities described 
above in the results section from specimens with Carnoy’s fluid fixation were estimated by subtracting the immunopositivities in 
the negative controls.

DISCUSSION

Laboratory rodents usually live in contact with their feces in a rearing environment. Feces contain numerous Gram-negative 
bacteria derived from the alimentary tract [7]. Therefore, a large number of Gram-negative bacteria derived from dried feces 
probably adhere to the dust particles inhaled into the respiratory tract. The survival of bacteria is dependent on the moisture content 
in feces. Drying of feces condenses the concentration of various substances [15], suggesting that the condensation of bactericidal 
substances such as lysozyme and sPLA2 occurs in excreted feces, because of the presence of concentrated bactericidal substances 
in the luminal contents of the large intestine [49]. Almost all Escherichia coli, which is a Gram-negative bacteria, die immediately 
in dried feces [28]. Lipopolysaccharide, a constituent of Gram-negative bacteria, increases the expression of β-defensin 2 in human 
tracheobronchial epithelial cells in vitro [5]. Moreover, the inhaled large dust particles with bacteria or their constituents from dried 
feces are preferentially deposited in the cranial portion of the respiratory tract [14, 23, 37]. In the present study, secretory cells 
of β-defensin 1 and 2 were abundantly located in the nasal mucosa and decreased toward the terminal portion of the respiratory 
tract. Mucus and periciliary layers containing secreted β-defensin 1 and 2 were predominantly detected in the cranial portion of 
the respiratory tract (summarized in Fig. 8). Furthermore, the cranial portion of the human respiratory tract is a settlement site of 
not only Gram-positive but also Gram-negative bacteria under healthy conditions [17]. The defensins act bactericidally on Gram-
negative bacteria rather than Gram-positive bacteria [20, 21, 41]. Taken together, these facts show that secretory host defenses via 
β-defensin might be predominantly focused in the cranial portions of the respiratory tract.

In healthy humans, β-defensin-1 has been detected in broncho-alveolar lavage fluids [1, 26, 41]. Beta-defensin 2 has also been 
detected in broncho-alveolar lavage fluids from healthy humans [26]. Beta-defensin 2 mRNA has been detected in the bronchus of 
humans [41] and granular alveolar cells of rats [27]. In the present study, a small number of secretory sources of β-defensin 1 and 
2 were located in the extra-pulmonary bronchus. Moreover, only few granular alveolar cells were immunopositive for β-defensin 2 
from the bronchiole to alveoli. Therefore, β-defensin 1 and 2 in broncho-alveolar lavage fluids are considered to be secreted from 
the extra-bronchial epithelium and alveolar granular cells.

Fig. 5.	 Localization of β-defensin 1 and 2 in the bronchiolar mucosa. Beta-defensin 1 and 2 are immunonegative in NCs (large arrows in a and 
b), ciliated epithelial cells (small arrows in a and b) and Clara cells (double arrows in a and b). Bar=10 µm.

Fig. 6.	 Localization of β-defensin 1 and 2 in the alveoli. Beta-defensin 1 and 2 are immunonegative in granular alveolar cell (large arrows in a 
and b-1), squamous alveolar cell (small arrows in a and b-1) and alveolar macrophage (double arrows in a and b-1). Rare granular alveolar cell 
is immunopositive for β-defensin 2, as shown in the inset (arrow in b-2). Bar=10 µm.
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In healthy humans, the broncho-alveolar lavage fluids of the caudal respiratory tract from the extra-pulmonary bronchus contain 
complement C3 [6]. C3 opsonizes exogenous substances to promote phagocytosis [38], and its derivative, C3a, directly kills Gram-
positive and -negative bacteria [33]. Surfactant protein A and D from Clara cells in the bronchiole and granular alveolar cells in the 
alveolus also opsonize inhaled substances [16, 36, 45, 46]. In addition, alveolar macrophages and granular alveolar cells possess 
lysozyme in the alveoli [30]. In the present study, β-defensin 1 and 2 were the most poorly distributed from the intra-pulmonary 
bronchus to alveoli. Therefore, bactericidal substances other than β-defensins, such as C3 and surfactant proteins, probably form 
the first defense line against inhaled bacteria in the terminal portion of the respiratory tract, under healthy conditions.

The concentration of β-defensin 2 in broncho-alveolar lavage fluid is increased by bacterial stimulation in vivo in humans [25, 
26, 39]. Moreover, lipopolysaccharides and lipopeptides from bacteria promote the expression of β-defensin 2 in tracheobronchial 
epithelial cells [5, 22]. In infections and diseases, the concentrations of β-defensin 1 and 2 are increased in the nasal lavage fluid 
[8] and broncho-alveolar lavage fluid [32, 39]. Beta-defensin 2 mRNA is upregulated in the nasal epithelium in humans with 
chronic sinusitis [29]. In the present study, many secretory cells were immunonegative for β-defensin 1 and 2 throughout the 
respiratory tract under a healthy condition. Based on these findings, secretory cells, which were immunonegative for β-defensin 1 
and 2 under healthy conditions, probably promote the production of these bactericidal substances in response to multiple bacterial 
stimulations or specific pathological conditions.
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