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The external auditory canal is less susceptible to infections than the sensitive middle-ear cavity. Since recent
research has provided insight to the production of potent antimicrobial peptides from various surface epithe-
lia, we wanted to investigate whether protection of the external auditory canal in part could be explained by the
production of human b-defensin-1 (HBD-1). This particular peptide is known to be constitutively expressed in
various surface epithelia, such as airway, skin, and urogenital tissues. By reverse transcriptase PCR we demon-
strate HBD-1 mRNA in the pars tensa and pars flaccida of the tympanic membrane and in the meatal skin. In
situ hybridization studies localized the HBD-1 mRNA to the epidermal layer of these tissues. The HBD-1 tran-
scripts were also evident in the sebaceous glands and in hair follicles of the meatal skin. In contrast, HBD-1
mRNA was not detected in the tympanal epithelium of the eardrum. The widespread presence of mRNA encod-
ing for this broad-spectrum antimicrobial peptide in the meatal skin and tympanic membrane suggests that
HBD-1 participates in the innate antimicrobial defense of the external auditory canal and middle-ear cavity.

The external auditory canal (EAC) is a special anatomic
region, forming a “cul-de-sac” with the thin tympanic mem-
brane (TM) separating the EAC from the sterile environment
of the middle-ear cavity. It is well known that organisms po-
tentially pathogenic to the middle ear can be found in the EAC
(4, 5, 25). These circumstances make it obvious that the intact
TM provides an effective physical barrier, preventing the pen-
etration and entrance of pathogenic microorganisms from the
EAC into the sensitive middle-ear cavity. The external surface
of the intact TM is covered with a stratified and keratinized
surface epithelium, which participates in preventing EAC mi-
croorganisms from reaching the middle ear cavity. In addition,
cerumen, which is a combination of ceruminous and sebaceous
secretions, exerts antimicrobial properties that tend to elimi-
nate pathogenic organisms (28).

During recent years, endogen antimicrobial peptides, active
against gram-positive and gram-negative bacteria, have at-
tracted much interest (2, 3, 8, 13, 20). Defensins, a subgroup of
these substances, are small peptides of 29 to 47 amino acids
which have been classified into the two families, a-defensins
and b-defensins. Whereas some a-defensins are expressed in
the Paneth cells of the gastrointestinal tract, others have been
demonstrated in neutrophil granulocytes where these peptides
constitute 5 to 7% of the total protein content (9). These
polypeptides function in both phagocytic and extracellular kill-
ing of microbes and are therefore important for host defense
(9).Humanb-defensin-1(HBD-1)wasrecentlyisolatedfromplas-
ma (1) and was shown to be constitutively expressed in salivary
glands (30), in gingival cells (12), in urogenital tissues (29, 30),
in the pancreas (23, 30), in the respiratory epithelium of the
lower airways (18), and in keratinocytes of the skin (7).

The purpose of the present study was to investigate whether
the effective impediment against infections in the inner part of

the EAC could in part be explained by evidence for HBD-1
peptide production. The pars tensa and pars flaccida from
eardrums, and meatal skin tissue were investigated by using
reverse transcriptase PCR (RT-PCR) and in situ hybridization
techniques. We found that the surface epithelium of the ear-
drum and meatal skin contained mRNA for the antimicrobial
peptide HBD-1. Considering both this widespread presence of
the HBD-1 mRNA in the region and its known broad-spec-
trum antibiotic activity, we suggest that HBD-1 contributes
significantly to the antimicrobial protection of the EAC, the
TM, and the middle-ear cavity.

MATERIALS AND METHODS

Tissue sampling. TMs with adjacent skin were dissected at autopsy from 10
ears within 36 h postmortem with an endoscope. No signs of ear disease were
observed at inspection prior to excision. After removal, tissues from the pars
tensa and the pars flaccida of the eardrum and meatal skin were separated. In
addition, small meatal skin pieces were excised during otosclerosis surgery of five
patients. Special care was made to sample skin fragments uninvolved by the
disease for which the patients were operated. The specimens were either pre-
pared for RT-PCR or in situ hybridization studies. The study was approved by
the Medical Ethics Committee of the University of Tromsø, Tromsø, Norway.

RT-PCR. Total RNA from the tissue fragments (1 mm3) was isolated by the
single-step guanidium thiocyanate-phenol-chloroform extraction method (6).
The RT reaction was performed mainly as recently described (17). In brief, 5 ml
of RNA (1 mg) was added to 55 ml of an RT mixture containing 60 U of RNasin
(Promega), 0.63 mM concentrations of each deoxynucleotide from a de-
oxynucleoside triphosphate mix (Pharmacia Biotech), 0.3 ng of pd(N)6 Random
Hexamer primers (Pharmacia Biotech), 600 U of Molony leukemia virus RT
(Gibco/Life Technologies) in 13 RT buffer (Gibco), and incubated for 1 h at
37°C. For negative control of the RT reaction, 5 ml of DEPC-H2O was added to
the RT mixture. The reaction products were heated (100°C) for 10 min, chilled
on ice, and spun briefly before 240 ml of DEPC-H2O was added to each sample.
The primers used for the PCR were the forward primer A1 (59-TTGTCTGAG
ATGGCCTCAGGTGGTAAC-39 [30]) and the reverse primer R3 (59-TTTCA
CTTCTGCGTCATTTCTTCTGG-39). The A1 primer corresponds to the nu-
cleotides 753 to 771 in exon 1 and includes sequence 7734 to 7741 in exon 2
(numbering according to Liu et al. [16]). The reverse primer R3 is complemen-
tary to nucleotides 7890 to 7916 in exon 2. The expected size of the PCR product
generated from these primers was 200 bp. The primers 59-CCCGAGGCTTCC
TCTTTGGC-39 and 59-CCTCGCTTAAGGGCAGGGAG-39 for the house-
keeping gene adenosylphosphoribosyltransferase (APRT) were run simulta-
neously (the expected size of this PCR product was 300 bp). The primers
correspond to the sequence 1940 to 1959 in exon 3 and 2725 to 2744 in exon 5
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of the APRT gene, respectively (GenBank access number Y00486). The primers
were purchased from Eurogenetec. The samples were denatured at 94°C for 5
min and amplified by 35 cycles at 94°C for 1 min, at 60°C for 1 min, and at 72°C
for 1 min. For a final elongation step, the samples were incubated for 5 min at
72°C. The PCR products were analyzed by gel electrophoresis.

In situ hybridization. The cDNA used for the preparation of the sense and
antisense HBD-1 probes has been described recently (29). RNA-probes for in
situ hybridization were prepared by using the DIG RNA Labeling Kit (Boehr-
inger Mannheim). The dissected specimens were fixed by immersion overnight in
4% paraformaldehyde (pH 7.4) at 4°C. Paraffin sections were mounted on glass
slides which had been pretreated with 1% 3-aminopropyl-trietoxysilane (ICN).
Some sections were stained with hematoxylin and eosin for histological exami-
nation. Parallel sections were deparaffinized and hydrated prior to an incubation
for 15 min in phosphate-buffered saline (PBS)–0.3% Triton X-100. Digestion was
performed for 45 min with 25 mg of proteinase K (Boehringer Mannheim) per ml
in 0.1 M Tris-HCl and 0.05 M EDTA (pH 8.0) at 37°C. The proteinase K activity
was stopped by incubating the slides in PBS–4% paraformaldehyde for 5 min.
The slides were washed twice for 3 min in sterile water, and the sections were
acetylated by soaking them into 0.1 M triethanolamine-HCl (Sigma), to which
0.375 ml of acetic anhydride (Sigma) was added twice (with 5 min of incubation
after each addition). After dehydration in sequential ethanol baths and drying
(20°C, 60 min), hybridization solution (100 ml) containing 0.3 M NaCl, 20 mM
Tris-HCl (pH 7.2), 5 mM EDTA, Denhardt solution (Sigma), 50% deionized
formamide, 10% dextran sulfate, 0.25 mg of yeast tRNA per ml, and 250 ng of
DIG-labeled RNA probe per ml was applied onto each section. The hybridiza-
tion solution was overlaid with parafilm, and all samples were incubated over-
night at 42°C in a moisture chamber. The sections were incubated in 23 SSC (13
SSC is 0.15 M NaCl plus 0.015 M sodium citrate) at 50°C for 45 min and in 0.23
SSC at 50°C for 30 min and then briefly immersed in sterile water. The sections
were then incubated twice for 10 min in Tris-HCl–NaCl buffer (pH 7.5) and for
20 min in blocking buffer (Tris-HCl–NaCl buffer with 1% bovine serum albumin
and 2% sheep serum). The sections were subsequently incubated for 2 h with the
anti-DIG-AP Fab fragment antibody (Boehringer Mannheim) diluted to 1:300 in
a 1:1 mixture of the Tris-HCl–NaCl buffer (pH 7.5) and the blocking buffer. Cells
with hybridized probe were visualized by incubation for 12 h (4°C) with nitroblue
tetrazolium, 5-bromo-4-chloro-3-indolyl phosphate, and levamisole (Sigma). The
specimens were examined in a Zeiss Axioplan microscope (Oberkochen, Ger-
many).

RESULTS

RT-PCR studies. The RT-PCR examination showed that
biopsied skin from the EAC and autopsied tissue pieces of the

pars tensa and the pars flaccida of the eardrum (Fig. 1) con-
tained mRNA encoding for HBD-1 (Fig. 2). The PCR prod-
ucts extracted from all of the anatomical sites had the size (200
bp) which was expected from the selected primers. For a con-
trol, the linearized pCR3.1 vector containing the full-length
HBD-1 cDNA was amplified with the same primers, which also
generated a PCR product of 200 bp. Sequencing of the RT-
PCR products confirmed 100% sequence homology to the
HBD-1 (not shown). The primers used for the housekeeping
gene (APRT, see Materials and Methods for specifications),
produced a PCR product (300 bp) from each of the tissue
samples. The APRT primers gave no signal when tested with
the linearized HBD-1 cDNA vector.

Light microscopy studies of the eardrum and adjacent skin.
Light microscopy studies showed that the skin of the EAC (Fig.
3A to C) possessed a well-defined epidermis and dermis. Se-
baceous and ceruminous glands originating from the epider-
mal layer were observed in the dermis. The TM (Fig. 3D to F)
had an outer meatal side consisting of keratinizing, stratified,
squamous epithelium that was three to seven cells thick. Un-
derlying the epithelium, the thin layer of connective tissue is
arranged with two layers of loose connective tissue, covering
each side of a middle layer of collagen fibers as described
previously (14, 15, 26). In the pars flaccida (Fig. 3G to I), the
keratin layer of the meatal epithelium was more distinct than
in the pars tensa (Fig. 3D). The single-layered tympanal epi-
thelium did not differ from that lining the pars tensa. The
connective tissue portion of the pars flaccida (Fig. 3G) was
somewhat thicker than that of the pars tensa (Fig. 3D). As seen
from Fig. 3D and G, the autopsied material showed minor
postmortem changes.

In situ hybridization studies. The keratinocytes of the
meatal skin epidermis, as well as keratinocytes of pars tensa
and pars flaccida, stained positive for HBD-1 mRNA (Fig. 3B,
E, and H). In contrast, the flat monolayered tympanal epithe-
lium facing the MEC and the connective tissue of the skin
(dermis) and the TM showed no staining (Fig. 3B, E, and H).
In the meatal skin epidermis, it seemed to be mainly the ker-
atinocytes of the middle layers (stratum granulosum) that were
stained (Fig. 3B). A striking observation was also the pro-
nounced staining of cells in the sebaceous glands and hair
follicles (Fig. 3B). There was no specific localization with the
DIG-labeled sense transcript for HBD-1 (Fig. 3C, F, and I),

FIG. 1. Illustration of the TM separating the middle-ear cavity (MEC) from
the EAC. The pars tensa (PT) of the TM is shown, and the arrow demonstrates
the location of the pars flaccida.

FIG. 2. RT-PCR products of mRNA from biopsied (A) and autopsied (B)
tissues, as demonstrated by gel electrophoresis. The 200-bp fragments represent
the presence of mRNA for HBD-1, and the 300-bp fragments represent the
control APRT mRNA product. (A) Lanes: 1, negative control (running the RT
procedure with sterile water); 2, RT-PCR of mRNA collected from an EAC skin
sample; 3, control tissue sample from skin; 4, PCR product obtained by ampli-
fication of the cDNA for HBD-1 inserted in the pCR3.1 plasmid. (B) Lanes: 1,
RT-PCR products from an autopsied tissue fragment of EAC skin; 2, pars tensa
of the TM; 3, pars flaccida of the TM; 4, negative control; 5, amplification
product of the HBD-1 cDNA.
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confirming the specificity of the antisense HBD-1 probe. The
same patterns of staining were observed in biopsy and in au-
topsy material.

DISCUSSION

Clinical observations suggest that the EAC, which is fre-
quently exposed to microbial pathogens, actually is less dis-
posed to infections than the middle-ear cavity. Being unique in
that it separates the two gas-filled environments (Fig. 1), the
TM provides a physical barrier which prevents EAC pathogens
from reaching the middle ear. To fulfill its prime function as a
vibrating membrane, the eardrum is so thin that structures
such as the ossicles of the middle ear and the promontory with
the round window niche can be discerned behind it. The mor-
phology of the human TM with adjacent skin is well described
(14, 15, 26), and our study confirmed earlier findings.

Recent research has demonstrated that various epithelial
surfaces express a variety of effective antibiotic peptides. We
therefore presumed that these peptides also could be present
in the eardrum surface epithelium and the adjacent EAC skin.
Antimicrobial peptides produced by the TM could prevent
bacterial microorganisms, normally colonizing the EAC, from
reaching the vulnerable middle-ear cavity. Under normal con-
ditions, Staphylococcus epidermidis, Corynebacterium spp., Mi-
crococcus spp., and alpha-hemolytic and nonhemolytic strep-
tococci, but also small numbers of Staphylococcus aureus and
pseudomonas aeruginosa, are normal commensals of the EAC

(4, 21, 25). The most common bacteria causing acute otitis
media, Streptococcus pneumoniae, Haemophilus influenzae, and
Moraxella catarrhalis, are not normally found in the EAC when
the eardrum is intact (11). In contrast, S. aureus and P. aerugi-
nosa are well-known pathogens in chronically inflamed, drain-
ing ears.

We found that keratinocytes of the EAC epidermis and
eardrums were the site of mRNA transcription for the HBD-1
peptide. HBD-1 has previously been shown constitutively ex-
pressed in keratinocytes of the skin (7), and our findings of
mRNA for HBD-1 in the EAC keratinocytes are consistent
with these results. On the other hand, we did not find evidence
of HBD-1 production in the tympanal epithelium. The de-
fensins, when tested in vitro, exhibit potent antimicrobial ef-
fects against gram-positive and gram-negative bacteria (13).
Specifically, HBD-1 has microbicidal effects against the gram-
negative P. aeruginosa (24). As reviewed by Lehrer et al. (13),
defensins are also able to kill some fungi, among them Candida
spp. Important questions regarding the mode of action of b-de-
fensins on microorganisms in the EAC still exist. Is the peptide
transported extracellularly, or is it only acting on bacteria that
penetrate into the epithelial cells? It seems reasonable to be-
lieve that HBD-1 acts mainly extracellularly, as it may in bron-
choalveolar lavage fluid (24) and in the urogenital tract (29).
Another important question is whether additional amounts of
other peptide antibiotics, e.g., HBD-2 (10, 24), can be induced
in keratinocytes of the EAC. The fact that HBD-1 is tran-
scribed in the cells of the sebaceous glands (Fig. 3H) suggests

FIG. 3. In situ hybridization studies showing the localization of the HBD-1 mRNA in the epidermal layer of the EAC skin, pars tensa, and pars flaccida. Parallel
micrographs from the meatal skin (A to C), from the pars tensa (D to F), and from the pars flaccida (G to I) are shown. The sections presented in panels A, D, and
G were stained with hematoxylin and eosin; panels B, E, and H show parallel sections hybridized with DIG-labeled antisense RNA probe for HBD-1, and panels C,
F, and I were from control sections hybridized with DIG-labeled sense transcript for potential nonspecific labeling. MEC, middle-ear cavity. Bars, 80 mm.
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that the antimicrobial peptide is expressed and secreted with
the cerumen of the EAC. Cerumen from sebaceous and ceru-
minous glands contains fatty acids and lysozyme and has pre-
viously been shown to exert bacteriostatic or bactericidal ef-
fects (28). The function of cerumen is controversial since it also
can serve as an excellent substrate for Pityrosporum ovale (27),
a lipophilic yeast that is the etiologic agent of dandruff (19) and
folliculitis (22). Further studies are needed to reveal whether
or not HBD-1 is able to kill P. ovale. On the basis of our
findings we speculate that HBD-1, produced by the secretory
glands and keratinocytes of the EAC, contributes to the bac-
tericidal activity of cerumen in addition to lysozyme (28).
These findings, taken together, suggest that HBD-1 contrib-
utes to the antimicrobial defense of the TM and the EAC.
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