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b-Defensins are cationic peptides with broad-spectrum antimicrobial activity that may play a role in mucosal
defenses of several organs. They have been isolated in several species, and in humans, two b-defensins have
been identified. Here, we report the identification of two genes encoding b-defensin homologues in the rat.
Partial cDNAs were found by searching the expressed-sequence-tag database, and primers were designed to
generate full-length mRNA coding sequences. One gene was highly similar to the human b-defensin-1 (HBD-1)
gene and mouse b-defensin-1 gene at both the nucleic acid and amino acid levels and was termed rat
b-defensin-1 (RBD-1). The other gene, named RBD-2, was homologous to the HBD-2 and bovine tracheal
antimicrobial peptide (TAP) genes. The predicted prepropeptides were strongly cationic, were 69 and 63
residues in length for RBD-1 and RBD-2, respectively, and contained the six-cysteine motif characteristic of
b-defensins. The b-defensin genes mapped closely on rat chromosome 16 and were closely linked to the
a-defensins genes, suggesting that they are part of a gene cluster, similar to the organization reported for
humans. Northern blot analysis showed that both RBD-1 and RBD-2 mRNA transcripts were ;0.5 kb in
length; RBD-1 mRNA was abundantly transcribed in the rat kidney, while RBD-2 was prevalent in the lung.
Reverse transcription-PCR indicated that RBD-1 and RBD-2 mRNAs were distributed in a variety of other
tissues. In the lung, RBD-1 mRNA expression localized to the tracheal epithelium while RBD-2 was expressed
in alveolar type II cells. In conclusion, we characterized two novel b-defensin homologues in the rat. The rat
may be a useful model to investigate the function and contribution of b-defensins to host defense in the lung,
kidney, and other tissues.

b-Defensins are cationic antimicrobial peptides that com-
prise part of the innate immune system at mucosal surfaces (6,
14). Epithelial b-defensins were first described for cows (8)
and subsequently identified in several species, including sheep
(22), pigs (43), mice (1, 21, 28), and humans (3, 17). Two
b-defensins of epithelial origin were recently identified in hu-
man cells: human b-defensin-1 (HBD-1) and HBD-2 (3, 17).
HBD-1 expression was most abundant in the urogenital tract
(38, 44), while HBD-2 expression predominated in skin and in
the lung (2, 17, 32).

The pulmonary epithelium acts as a barrier to keep the
normal lung free from infection from inhaled or aspirated
microorganisms. The innate mucosal defenses of the lung in-
clude the production of several factors with antimicrobial
properties, such as proteins and peptides (30). Cystic fibrosis,
a disease characterized by chronic airway infection in the ab-
sence of any demonstrable systemic immune defect (40), may
represent a human disease caused by defective pulmonary mu-
cosal defenses. One proposed mechanism for the susceptibility
of cystic fibrosis patients to chronic respiratory infection and
inflammation is the inactivation of salt-sensitive antimicrobial
peptides, such as b-defensins, by an elevated airway surface
liquid salt content (16, 33). However, the relative contribution
that b-defensins make to host defenses in the lung is unknown.

To investigate the role the b-defensins play in pulmonary
defenses, it would be advantageous to identify genes for ho-

mologous peptides in laboratory animal models. Here, we re-
port the discovery of rat genes encoding two new peptides
homologous to the human b-defensins. Both rat gene products
are expressed in the lung. The rat may be a useful model to
study the activity and function of b-defensins in the lung and
other epithelium-lined organs.

MATERIALS AND METHODS

Cloning of RBD-1 and RBD-2. The HBD-1 mature peptide sequence
(DHYNCVSSGGQCLYSACPIFTKIQGTCYRGKAKCCKS) was used to
screen the GenBank dbest database of expressed sequence tags (ESTs) by using
the National Center for Biotechnology Information BLAST program. The search
identified three identical rat ESTs from a normalized rat kidney cDNA library
with high sequence similarity to HBD-1. Three clones contained part of the open
reading frame (ORF) for putative rat b-defensin-1 (RBD-1). Primer sequences
designed for the partial RBD-1 sequence were used to clone the full-length
cDNA from a rat kidney cDNA library by PCR. Similar methods were used to
search for a homologue of HBD-2. The full HBD-2 amino acid sequence
(MRVLYLLFSFLFIFLMPLPGVFGGIGDPVTCLKSGAICHPVFCPRRYKQ
IGTCGLPGTKC) was used to screen the database, and two identical ESTs from
a rat lung cDNA library were found. One clone contained the entire 192-bp ORF
for putative RBD-2. A set of primers designed from the RBD-2 sequence was
used to clone the cDNA from rat lung by reverse transcription (RT)-PCR.

b-Defensin mapping. The rat radiation hybrid panel was purchased commer-
cially (Research Genetics, Huntsville, Ala.). The following primers were selected
for PCR: RBD-1-forward (59-GGACGCAGAACAGATCAATACCGA-39),
RBD-1-reverse (59-TCTTCAAACCACTGTCAACTCCTG-39), RBD-2-forward
(59-TTAATTTGGTTTGTTTTGTGCAT-39), RBD-2-reverse (59-CATGCCTG
ACCAAAGGAGGCGTA-39), rat a-defensin-3 (RAD-3)-forward (59-TACCG
ACTCTGTTGCTGAGCA-39), RAD-3-reverse (59-GTCTAGGACACAACAT
ACTAC-39), RAD-4-forward (59-TGGCCGCATCTACCGTCTCTG-39), and
RAD-4-reverse (59-AACATGGGACAAGTAACAGTC-39).

We used previously published conditions for PCR (29) with the following
modifications: the annealing temperature for RBD-1 was 65°C, and that for
RBD-2 was 52°C. Mapping experiments were performed in duplicate for each
marker, and each was scored independently. Discordant data were scored as

* Corresponding author. Mailing address: Department of Pediatrics,
University of Iowa College of Medicine, Iowa City, IA 52242. Phone:
(319) 356-4866. Fax: (319) 356-7171. E-mail: paul-mccray@uiowa.edu.

4827



unknown. The defensin radiation hybrid data were imported into the RHMAP-
PER (version 1.1) (35) program for analysis, along with data for genetic markers
on rat chromosome 16. A retention frequency of 30% was used for the analysis,
which was estimated from other unpublished data generated from this panel. The
framework map was constructed with local support of greater than 1,000:1.

Tissue, cell, and RNA isolation. Tissues were obtained from adult Sprague-
Dawley rats for screening of b-defensin mRNA expression. In developmental
studies, timed pregnant (sperm positive 5 day 0) Sprague-Dawley rats were
obtained from Sasco (Omaha, Nebr.). Fetal lung tissues were obtained on days
16, 18, 19, and 21 of gestation and postnatal days 1, 3, 5, and 10. Isolated tissues
were flash frozen in liquid nitrogen and stored at 280°C. Adult type II cells were
isolated by using enzymatic digestion, differential adherence, and panning as
described by Dobbs et al. (9). The majority of cells were tannic acid positive
(.90%), and the viability was .98% as determined by trypan blue exclusion, as
reported previously (25). The Animal Care and Use Committees of the Univer-
sity of Iowa and The Cleveland Clinic approved the protocols. Total RNA was
isolated by standard methods as previously described (8, 26, 32).

Detection of b-defensin mRNA by RT-PCR. RT-PCR was performed as fol-
lows. One microgram of total RNA from each sample was reverse transcribed
with random hexamer primers by using the SuperScript transcription system
(Gibco BRL) according to the manufacturer’s instructions. Specific primers were
designed from the registered sequences of RBD-1 (GenBank accession no.
AF068860) and RBD-2 (GenBank accession no. AF068861). The primer se-
quences used for cloning RBD-1 in rat tissue were as follows: forward, GACC
CTGACTTCACCGACAT, and reverse, CCTGCAACAGTTGGGCTTAT. Ad-
ditional RBD-1 primers used for detection were as follows: forward, CTTGGA
CGCAGAACAGATCA, and reverse, TCCACAAGTGCCAATCTGTC. The
primer sequences for RBD-2 used in all experiments were as follows: forward,
ATTTCTCCTGGTGCTGCTGT, and reverse, TCCACAAGTGCCAATCTG
TC. The predicted product sizes were 225 bp for RBD-1 and 132 bp for RBD-2.
Each RBD-1 reaction mixture contained an approximately 1.25 pM concentra-
tion of the primers, 3 mM Mg21, and 5 ml of the RT reaction product for a total

volume of 20 ml. Each RBD-2 reaction mixture contained an approximately 0.5
pM concentration of the primers, 3 mM Mg21, and 10 ml of the RT reaction
product for a total volume of 30 ml. After an initial denaturing step (95°C for 3
min), 30 cycles of denaturing (94°C for 1 min), annealing (60°C for 30 s for
RBD-1 and 63°C for 30 s for RBD-2), and extending (72°C for 1 min), followed
by 5 min at 72°C for elongation, were conducted. A 12-ml aliquot of the RBD-1
PCR product and an 18-ml aliquot of the RBD-2 product were electrophoresed
on a 2% agarose gel and visualized with ethidium bromide. As an internal
control, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was amplified in
both RBD-1 and RBD-2 reactions with the following primers: forward, AGAC
AGCCGCATCTTCTTGT, and reverse, CTTGCCGTGGGTAGAGTCAT.

Northern blot analysis. For Northern blot analysis, total RNA (10 mg) was
denatured and separated on 1.2% agarose-formaldehyde gels and then blotted
onto nucleic acid transfer membranes (Hybond-N1; Amersham). Northern blots
were hybridized overnight with 32P-, end-labeled oligonucleotide probes in 35%
(vol/vol) formamide–53 Denhardt’s solution–53 SSC (13 SSC is 0.15 M NaCl
plus 0.015 M sodium citrate)–1% sodium dodecyl sulfate (SDS)–100 mg of yeast
RNA per ml at 42°C. Membranes were washed with 23 SSC–0.1% SDS five
times at room temperature for 50 min and then twice at 55°C for 15 min. The
membranes were stripped of the oligonucleotide probes by incubation in 0.13
SSC–0.1% SDS at 70°C for 30 min. The sequences of the oligonucleotide probes
were CCATTTTGGAGGCATCGGTATTGATCTGTTCTGCGTC (RBD-1),
TGGAGGAGCAAATTCTGTTCATCCCATTGGTTCTTGG (RBD-2), CAG
TTTTAGTCCCTTCATCTGTTTTTGGGGTAGGTTC (a-defensin; gener-
ously provided by Gill Diamond), and AGCCCCRGCCTTCTCCATGGTRGT
GAAGACVCCR (GAPDH). Blots were exposed to X-Omat films (Eastman
Kodak Co., Rochester, N.Y.) with intensifying screens at 80°C.

Southern blot analysis. Rat genomic DNA (10 mg) was digested overnight with
restriction endonucleases, size separated by agarose gel (1.0%) electrophoresis,
and transferred to a nylon membrane (Hybond-N1). For reduced-stringency
conditions, the membrane was hybridized with 32P-labeled RBD-2 cDNA over-
night in 35% (vol/vol) formamide–53 Denhardt’s solution–53 SSC–1% SDS–

FIG. 1. (A) Nucleotide and putative amino acid sequences for the RBD-1 and RBD-2 cDNA. The predicted stop codon is indicated by an asterisk. (B) Amino acid
alignment of putative prepropeptides for RBD-1 and RBD-2 with other known b-defensins.
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100 mg of yeast RNA per ml at 42°C. The filter was washed with 23 SSC–0.1%
SDS five times at room temperature for 10 min each and then twice at 58°C for
15 min. The membrane was exposed to film in the presence of an intensifying
screen for 1 week. The filter was stripped of the probe by incubation in 0.5 M
NaOH–1.5 M NaCl for 30 min at 37°C and then checked by autoradiography. For
high-stringency conditions, the membrane was then hybridized with the probe
overnight in 50% (vol/vol) formamide–53 Denhardt’s solution–53 SSC–1%
SDS–100 mg of yeast RNA per ml at 42°C. The filter was washed with 23
SSC–0.1% SDS five times at room temperature for 10 min each and then twice
with 0.13 SSC–0.1% SDS at 65°C for 15 min. The membrane was exposed to film
in the presence of an intensifying screen for 10 days.

In situ hybridization. We followed methods that were previously used to
localize HBD-1 mRNA in urogenital tissues (38). Sense and antisense 35S-UTP,
35S-CTP (Amersham), and double-labeled RBD-1 and RBD-2 riboprobes were
prepared from linearized cDNA plasmids and hybridized with frozen sections of

rat kidney and lung tissue according to published methods (42). The sections
were coated with NTB-2 autoradiography emulsion (Eastman Kodak Co.) di-
luted 1:1 in distilled H2O, air dried, and exposed for 4 to 12 weeks at 4°C before
being developed. Sections were counterstained with toluidine blue, and the
signals were localized by using bright-field and dark-field microscopy.

Assay of rat BAL fluid for antimicrobial activity. Bronchoalveolar lavage
(BAL) fluid was obtained from four rats by washing the lungs twice with 2-ml
volumes of phosphate-buffered saline. The BAL fluid samples were pooled for
analysis. A quantitative luminescence assay was used to screen rat BAL fluid for
antimicrobial activity. The assay employs Escherichia coli DH5a containing the
luminescence plasmid pCGLS1 (12, 32) and allows rapid quantitative assessment
of bactericidal activity. We validated our assay by showing a correlation of
luminescence with viable cell numbers. Luminescence is an energy-requiring
activity that is directly related to bacterial viability as determined by plate counts
(data not shown). Bacteria were grown at 30°C in Luria-Bertani medium, cen-
trifuged, and resuspended at a concentration of 107 cells/ml in 10 mM potassium
phosphate, pH 7.2, with 1% Luria-Bertani medium. Bacteria (106) were then
incubated with mouse BAL fluid in 96-well plates (Optiplate; Packard Instru-
ments) for 4 h, and luminescence was measured with a microtiter dish luminom-
eter (Anthos). To assess the salt sensitivity of the BAL fluid activity, the assays
were performed in the presence of 0 or 150 mM NaCl.

RESULTS

Cloning and structure of rat b-defensin cDNAs. By search-
ing the dbest database by using either the HBD-1 or HBD-2
peptide sequence, genes encoding two homologous rat pro-
teins were found in normalized rat kidney or lung cDNA li-
braries. These sequences were termed RBD-1 and RBD-2,
respectively. The RBD-1 clones identified in the database did
not contain a full-length ORF. In order to obtain the entire
coding sequence for RBD-1, anchored PCR was performed by
using a kidney cDNA library template, part of the RBD-1
sequence as one primer, and a vector sequence as the other
primer. The composite cDNA sequence contains an ORF 210
bp in length encoding a putative 69-amino-acid peptide which
was ;65% identical to HBD-1 and 92.5% identical to mouse
b-defensin-1 (MBD-1) (Fig. 1). The RBD-2 cDNA contains a
192-bp ORF, and the putative RBD-2 peptide sequence is 53%
identical to HBD-2 (Fig. 1).

Chromosomal localization and Southern blot analysis. Ra-
diation hybrid mapping demonstrated that the RBD-1 and
RBD-2 genes were linked to each other at a distance of 3.8
centirads (cR) with a limits of detection (LOD) score of 24.32.
A rough estimate of the physical distance between RBD-1 and
RBD-2 may be obtained by determining the correlation be-
tween cR estimates and known physical distances. While such
data do not exist for the rat panel we used, data from the
human GeneBridge 4 panel, a radiation hybrid panel con-
structed with a similar radiation dose, suggest that 1 Mb of
DNA is represented by roughly 3.7 cR. This metric suggests
that the genes for RBD-1 and RBD-2 are separated by about
1 Mb of DNA. Based on syntenic groups of markers in the rat,
human, and mouse, it was expected that these two rat b-de-
fensin genes would be localized to rat chromosome 16. Pair-
wise analysis with both RBD-1 and RBD-2 demonstrated
strong linkage to markers on chromosome 16. A framework
map of five genetic markers was constructed for the distal 16p
region by using multipoint analysis and is shown in Fig. 2A.
RBD-2 and D16RAT14 were found to be completely linked
and are shown occupying the same location in the framework
map. Radiation hybrid mapping of rat neutrophil defensins
RAD-3 and RAD-4 suggests that both genes are completely
linked to RBD-1 (Fig. 2A).

The RBD-2 cDNA was used as a probe in Southern blot
analysis of rat genomic DNA. At a reduced level of stringency,
four distinct bands with similar intensities were observed in
DNA digested with the combination restriction enzymes
EcoRI and BamHI (Fig. 2B, left panel, lane 1). Somewhat
broader bands of probe hybridization were detected with two

FIG. 2. (A) Radiation hybrid map of distal rat chromosome 16p. The RBD-2
gene and D16RAT14 are completely linked and thus are shown to occupy the
same location within the framework map. The RBD-1, RAD-3, and RAD-4
genes are also completely linked and are also shown in the same map location.
(B) Southern blot analysis of the RBD2 gene. Rat genomic DNA (10 mg) was
digested with restriction endonucleases (lane 1, EcoRI and BamHI; lane 2, BglII
and NotI; lane 3, EcoRI and HindIII), size separated by agarose gel electro-
phoresis, transferred to a nylon membrane, and hybridized with 32P-labeled
RBD-2 cDNA. Probe hybridization buffer contained either 35 or 50% (vol/vol)
formamide for reduced- or high-stringency conditions, respectively (see Materi-
als and Methods). Numbers at the left are molecular sizes, in kilobases.
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other pairs of restriction enzymes (Fig. 2B, left panel, lanes 2
and 3). In contrast, at high stringency, single sharp bands of
hybridization with comparable intensities were detected in all
three lanes. These data provide evidence that RBD-2 is
present as a single copy gene in the rat and suggest that related
genes or pseudogenes similar to RBD-2 may also be present in
the rat genome.

Tissue distribution and ontogeny of rat b-defensin mRNA
expression. Total RNA from rat tissues was screened for rat
b-defensin mRNA expression. Northern blot analysis (Fig. 3A)
of the two rat b-defensin genes showed that both transcripts
were ;500 nucleotides in length. The predominant site of
RBD-1 mRNA expression was the kidney, and that for RBD-2
was the lung. Lower levels of RBD-2 mRNA were also de-
tected in the trachea and tongue. The expression of RBD-2 in
the trachea was variable, as we failed to detect the message in
samples by in situ hybridization or RT-PCR (see below). By
contrast, a member of another subclass of defensin, an a-de-
fensin expressed in small intestinal Paneth cells, showed a
distinct, nonoverlapping pattern of mRNA expression.

More extensive tissue distribution studies were conducted by
RT-PCR. As shown in Fig. 3B, the RBD-1 transcript was
detected in the kidney, trachea, tail, testis, and tongue. RBD-2
mRNA was expressed in the lung, stomach, and tongue (Fig.
3B). In some animals, RBD-1 was detected in the brain (data
not shown). Thus, RBD-1 was abundantly expressed in the
kidney, while RBD-2 was readily detected in the lung. Further
RT-PCR studies were performed on freshly isolated lung cells
to determine the cell types expressing RBD-2. As shown in Fig.
3B, RBD-2 mRNA was detected in alveolar type II cells. Al-
veolar macrophages and lung fibroblasts were also screened

and showed no evidence of RBD-2 expression (data not
shown). The RBD-1 transcript was not detected in type II cells
(data not shown).

To determine the ontogeny of RBD-2 mRNA expression in
the lung, fetal and neonatal tissues were screened by RT-PCR.
As shown in Fig. 4, RBD-2 mRNA expression was not detected
before 19 days of gestation and markedly increased between
fetal day 19 and postnatal day 1.

Localization of b-defensin mRNA by in situ hybridization.
To localize the expression of RBD-1 and RBD-2 mRNAs to
specific cell types, we performed in situ hybridization on tissue
sections from the trachea, lung, and kidney. As shown in Fig.
5A, RBD-1 mRNA expression was detected in the tracheal
epithelium and kidney cortex epithelia but not in the distal
lung. In the trachea, expression was confined to the tracheal
epithelium and was diffuse. Expression in the kidney cortex was
restricted to epithelia of the distal tubules. In contrast, RBD-2
expression was noted in a population of cuboidal cells in the
alveolus consistent with alveolar type II cells but not in the
tracheal epithelium or kidney (Fig. 5B).

Rat BAL fluid exhibits salt-sensitive antimicrobial activity.
The antimicrobial activity of b-defensins is characteristically
inhibited by salt (14). We hypothesized that if the RBD-1 or
RBD-2 gene products were secreted into airway surface liquid,
salt-sensitive antimicrobial activity would be present in rat
BAL fluid. We isolated BAL fluid from normal rats and tested
its ability to kill bacteria in the presence or absence of NaCl. As
shown in Fig. 6, rat BAL fluid killed E. coli in a concentration-
dependent manner. When the BAL fluid samples were tested
in the presence of 150 mM NaCl, the antimicrobial activity was
lost. Thus, rat BAL fluid, like human airway surface liquid (33),
exhibited antimicrobial activity that was inhibited by salt.

DISCUSSION

In this study we have identified the first b-defensin genes in
the rat. The gene products, RBD-1 and RBD-2, are homolo-
gous to b-defensins characterized in other species, including
humans. The rat a- and b-defensins localized to chromosome
16 and were closely linked. Investigation of the tissue distribu-
tion of the rat b-defensin mRNAs showed an organ-specific
distribution. RBD-1, like its human homologue, was abun-
dantly expressed in the kidney; RBD-2 was most abundant in

FIG. 3. Tissue distribution of RBD-1 and RBD-2. (A) Northern blot hybridization of selected rat tissue total RNA with subcloned RBD-1, RBD-2, or rat a-defensin
oligonucleotide probes. Both RBD-1 and RBD-2 mRNA transcripts are about 0.5 kb in length. S. I., small intestine. (B) RT-PCR demonstration of rat b-defensin
expression by using adult rat tissues as a template. Upper bands represent GAPDH transcript as an internal positive control; lower bands show the PCR products of
RBD-1 and RBD-2. (C) RT-PCR demonstration of RBD-2 mRNA expression in rat lung and type II cells.

FIG. 4. Developmental expression of RBD-2 mRNA in fetal and postnatal
rat lungs, identified by RT-PCR. Embryonic (E) rat lungs were collected at days
16, 18, 19, and 21 of gestation; postnatal (P) lungs were collected at days 1, 3, 5,
and 10.
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the lung. In the lung, RBD-1 was expressed in the tracheal
epithelium while RBD-2 was expressed in tracheal epithelia
and alveolar type II cells. We found that rat BAL fluid exhib-
ited salt-sensitive microbicidal activity. Members of the b-de-
fensin class of antimicrobial peptides are salt sensitive (14, 32);
therefore, the rat b-defensins may contribute to the activity in
BAL fluid. Since both RBD-1 and RBD-2 were expressed in
the lung, the rat may be a useful small animal model for further
study of the role b-defensins play in the pulmonary innate
defense system.

The RBD-1 and RBD-2 sequences were highly similar to
other published b-defensin sequences, including those of the
human genes (3, 8, 17). Interestingly, the RBD-2 amino acid
sequence differs from other known sequences in the spacing
between the second and third cysteine residues (Fig. 1). Other
b-defensins reported to date have had four intervening amino
acids between these cysteine residues. In contrast, the putative
RBD-2 amino acid sequence has only three residues between
the cysteines and diverges from the consensus motif. The six
cysteine residues are otherwise conserved in both RBD-1 and
RBD-2.

Radiation hybrid panel results revealed that RBD-1 and
RBD-2 are closely linked on rat chromosome 16 and near the
a-defensins. This suggests that the rat a- and b-defensin genes
lie as a cluster on chromosome 16, in a region syntenic to
human chromosome 8. The defensin loci in humans (18, 23,
24), mice (21), cattle (13), and sheep (22) are also known to
consist of gene clusters. The observation that defensin loci exist
as gene clusters in several species has led to the speculation
that these genes arose from the duplication of an ancestral
gene (4, 24). Our data from the rat add further support to that
hypothesis.

In some species, notably cattle and sheep, there are a col-
lection of several HBD-2-like genes (7, 20, 31, 36). These genes
are very similar in sequence and genomic organization but
have distinct patterns of tissue expression. For example, bovine
TAP, lingual antimicrobial peptide (LAP), and enteric b-de-
fensin (EBD) have approximately 90% sequence identity, but
the predominant sites of expression are tracheal mucosa,
tongue epithelia, and distal enteric mucosa, respectively. Our
Southern blot analysis suggests that the rat genome may also
contain additional RBD-2-related genomic sequences (similar
genes or pseudogenes), a possibility currently under investiga-
tion.

The rat b-defensin genes were expressed in a tissue-specific
manner. RBD-1, like its human (3, 38, 44) and mouse (1, 21,
28) homologues, was abundantly expressed in the kidney. The

FIG. 5. Localization of RBD-1 (A to D) and RBD-2 (E to G) mRNA ex-
pression in the trachea, lung, and kidney by in situ hybridization. Bright-field (left
panels) and dark-field (right panels) images are presented for each section. (A)
Antisense probe shows RBD-1 mRNA expression localized to the tracheal epi-
thelium (arrow). (B) Control sense probe shows no specific RBD-1 mRNA signal
over trachea. (C) Antisense probe on lung tissue shows no specific signal. (D)
Antisense probe showing RBD-1 mRNA localization to the kidney cortex distal
tubules (arrows). There was no expression in the glomerulus (indicated on the
panel by the letter G). (E) Antisense RBD-2 probe demonstrates no expression
in trachea. (F) RBD-2 mRNA expression in the lung localized to cells in the
alveolus consistent with type II cells (arrows, sense probe). (G) Antisense probe
recognized no specific signal in the kidney (G, glomerulus). Sense probe controls
for all samples showed only nonspecific backgrounds similar to that shown in
panel B.

FIG. 6. Antimicrobial activity of rat BAL fluid determined by E. coli lumi-
nescence assay. BAL fluid from normal rats exhibited antimicrobial activity that
was inhibited in the presence of 150 mM NaCl. Results represent pooled BAL
fluid samples from four rats. RLU, relative light units.
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RBD-1 mRNA localized to the distal tubules of the kidney
cortex, as previously noted for MBD-1 (1) and HBD-1 (38).
RBD-1 was also detected in the tracheal epithelium, similar to
MBD-1 (1, 21, 28). However, in contrast to MBD-1, RBD-1
expression was absent from the lung. The predominant site of
RBD-2 expression was the lung, specifically the alveolar type II
cells. The type II cells are also a site of lysozyme production in
the rat (15). The human homologue of RBD-2 is also ex-
pressed in the lung (2, 17, 32). The human (2, 32) and bovine
(7) homologues of RBD-2 are also expressed in the respiratory
tract but predominantly in airway epithelia. This feature may
suggest a distinction of some details regarding innate host
defense in rodents compared with other mammals.

RBD-2 mRNA expression was developmentally regulated in
the lung. The transcript was undetectable until just prior to
birth (day 19). This pattern of regulation is reminiscent of
several pulmonary genes important in perinatal adaptation,
including the genes for surfactant protein A (34), surfactant
protein B (41), and the epithelial sodium channel subunits (37,
39). This suggests that RBD-2 contributes to host defenses in
the perinatal period and later.

Rat BAL fluid exhibited salt-sensitive microbicidal activity.
The activity of b-defensin peptides studied to date is charac-
teristically salt sensitive (14). Recent studies suggest that dis-
ruption of mucosal innate immunity may contribute to the
development of chronic pulmonary infection in cystic fibrosis
(16, 32, 33). Alterations in airway surface liquid NaCl concen-
tration may inhibit the activity of salt-sensitive antimicrobial
factors, including the b-defensins (16, 32, 33). Several other
antimicrobial factors in airway surface liquid, including ly-
sozyme and secretory leukocyte protease inhibitor, behave in a
salt-sensitive fashion (5, 10, 11, 19, 27, 33); thus, the relative
contribution of the rat b-defensins to the killing activity in
airway surface liquid is unknown. Further study is needed to
determine the role of RBD-1 and RBD-2 in the microbicidal
activity of rat BAL fluid.

The availability of a small animal model expressing homo-
logues of HBD-1 and HBD-2 may facilitate further study of the
role these peptides play in the mucosal defenses of the lung,
kidney, and other organ systems.
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