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B-defensin genes were obtained. We used the basic local alignment search
tool against the expressed sequence tag (EST) database and obtained a
sequence identical with the DEFB6 gene (31). Based on this EST sequence
(AW103145, AI910580) and the corresponding genomic sequence, we de-
signed a pair of specific intron-spanning primers for RT-PCR (forward
primer, 5'-CAGTCATGAGGACTTTCCTC-3'; reverse primer, 5'-AGA
AGCTAGGTTATGTATGC-3"). Reverse transcription was performed on
total human epididymis/testis RNA (Clontech Laboratories, Palo Alto, CA)
using Superscript II. The PCR conditions were 94°C for 40 s, 60°C for
30 s, and 72°C for 1 min conducted for 35 cycles.

In addition, we designed two specific primers for RT-PCR based on the
genomic sequence of the DEFB5 gene (forward primer, 5'-GTCGTG
CAAGCTTGGTCGGG-3'; reverse primer, 5'-CCAGGTCTGCTTCTA
AGGCC-3") (31). We performed RT-PCR to evaluate the expression of
this gene as described above. Subsequently, we determined the 5’ end of
this novel cDNA sequence using a 5' RACE kit (Life Technologies, Rock-
ville, MD) performed on total RNA from the human epididymis.

Cloning of the mouse homologs of hBD-5, hBD-6, and HE2B1

We screened the homologous sequence of the DEFBS gene using the basic
local alignment search tool at NCBI and obtained the published full-Jength
cDNA sequence from the adult mouse epididymis (AK020311, RIKEN
full-length enriched library; clone 9230103N16) (32).

To identify the homolog of HE231, we designed a pair of degenerate
PCR primers from the amino acid sequences conserved between HE2S1
and Binlb: forward primer, 5'-GAYRTACCACCKGGAATHAG-3'; re-
verse primer, 5'-GATACRCARCATCTRTTCCA-3'. RT-PCR was per-
formed on adult mouse epididymis RNA. The PCR conditions were 94°C
for 40 s, 60°C for 30 s, and 72°C for 1 min conducted for 35 cycles. The
sequencing- of the PCR products revealed the homologous fragment with
Binlb ¢cDNA. We screened the EST library using this novel nucleotide
sequence and obtained the full-length cDNA sequence (AK020333,
RIKEN full-length enriched library; clone 9230111C08) (32).

We also obtained the partial mouse genomic sequence containing the
mBD-35 gene from the NCBI database (AL590619). This sequence was
translated in all six possible reading frames and detected the homologous
genomic sequence with the hBD-6 gene. Based on this genomic sequence,

we designed two specific intron-spanning primers to confirm the expres- -

sion (forward primer, 5'-GCCCTTCAGGTCATGAAGAC-3'; reverse
primer, 5'-AGCATCTGCTTCCATCAGGT-3'). RT-PCR was performed
as described on the DEFB6 gene. To determine the full-length cDNA se-
quences of these three mBD isoforms, we used 5'-RACE and 3'-RACE kits
on the mouse epididymis RNA (Life Technologies).

" Analysis bf the genomic organization

As for human genomic sequences and mBD-11 genomic sequences, we
used the public sequences at NCBI. As for the mBD-12 and mEP2e
genomic sequences, we designed a pair of specific PCR primers from
mBD-12 (forward primer, 5'-TGAAGAATCTCCCCTCAAACATGG-3';
reverse primer, 5'-TTCACAAGGCAAAGTTACAG-3') and mEP2e (for-
ward primer, 5'-ATCAGTCACACCTGCTTTCC-3'; reverse primer, 5'-
ATCCTTTCACCGGACCTTTG-3"). PCR was performed on the isolated
mouse genomic DNA using the Advantage HF-2 PCR kit (Clontech Lab-
oratories). The PCR products were cloned to pCR4-TOPO vector (Invitro-
gen, Carlsbad, CA) and the inserts were sequenced to determine the
splicing site.

Synthesis of mBD-12 mature peptide

‘We synthesized chemically the putative mBD-12 mature peptide spanning
34 COOH-terminal amino acids of the precursor at the Peptide Institute
(Minoh, Japan). The synthetic peptide was air-oxidated for three disulfide
bonds. The material, eluted in a single peak on RP-HPL.C and confirmed by
mass spectroscopy, was lyophilized and dissolved in 0.01% acetic acid.

Analysis of antimicrobial activity

We followed the colony count assay described by Harwig et al. (33) with
some modification. Mid-logarithmic-phase Escherichia coli (ATCC 25922
strain) was suspended in 10 mM sodium phosphate buffer to adjust the
density to 5 X 107 CFU/ml, and this suspension was mixed with mBD-12
solution. The final sodium concentration of this mixture was [5-mM, and
the mBD-12 concentration was adjusted to 2, 20, or 200 pg/ml. As a
control, the mixture without mBD-12 was also incubated, After a 2-h in-
cubation of these mixtures at 37°C, the 10-fold serial dilutions were spread
over fripticase soy agar plates and incubated at 37°C for 48 h. After count-
ing the numbers of colonies on the plates, we calculated ratios of survived-
to-control colony numbers as survival ratios.
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The salt sensitivity of the antimicrobial activity was also evaluated. We
adjusted the final sodium concentration of the bacterial mixture to 15, 50,
100, or 150 mM with NaCl and incubated the mixture for 2 h with 20
wg/ml mBD-12. As a control, the mixture without mBD-12 was also in-
cubated at each sodium concentration. After the 2-h incubation, the 10-fold
serial dilutions were spread over the plates and incubated for 48 h as de-
scribed above. The procedures were repeated more than four times at each
sodium concentration.

RT-PCR

Human epididyris and testis were obtained from the surgical samples of a
prostate cancer patient in Mitsui Memorial Hospital (Tokyo, Japan). The
institutional review board of Mitsui Memorial Hospital approved this
study. We isolated human RNA from these specimens using Isogen (Nip-
pon Gene, Toyama, Japan). We also purchased human RNA of brain, liver,
lung, trachea, kidney, heart, and skeletal muscle from Clontech Laborato-
ries. Mouse RNA was isolated from the indicated organs of sexually ma-
ture male JCR mice using Isogen (Nippon Gene). A total of 5 pg of each
sample was reverse-transcribed by random hexamer primers using Super-
script IT (Life Technologies). .

We designed a pair of specific intron-spanning primers from hBD-5
(forward primer, 5'-TTGGTTCAACTGCCATCAGG-3'; reverse primer,
5'-CCAGGTCTGCTTCTAAGGCC-3"), hBD-4 (forward primer, 5'-CTC
CGACTTGCGTCTGCTTC-3’; reverse primer, 5'-CCTGAGCAAAACTT
TCGATC-3'), and HE2B1 (forward primer, 5'-TCTGGCTTGCAGT
GCTCTTG-3; reverse primer, 5-CTTGGGATACTTCAACATCC-3'). *
As for mouse genes, we also designed a pair of specific intron-spanning
primers from mBD-12 (forward primer, 5'-TGAAGAATCTCCCCT
CAAACATGG-3'; reverse primer, 5'-GGAGCATAGCACTTTCGTTTG-
3"}, mEP2e (forward primer, 5'-ATCAGTCACACCTGCTTTCC-3'; reverse
primer, 5'-CACATACTCAAAGCCTTTGG-3"), and mBD-3 (forward
primer, 5'-GCTTCAGTCATGAGGATCCATTACCTTC-3'; reverse primer,
5'-GCTAGGGAGCACTTGTITGCATTTAATC-3"). PCR was performed
on 0.5 ul of reverse transcriptase reaction for a total volume of 25 pl using Tag
polymerase (Takara Shuzo, Otsu, Japan). The PCR conditions were 94°C for
40 s, 60°C for 30 s, and 72°C for 1 min conducted for the indicated cycles.
Amplification of G3PDH was also performed in parallel as a control.

In situ hybridization

A 290-bp fragment of mBD-11 c¢cDNA, a 700-bp fragment of mBD-12
c¢DNA, and a 340-bp fragment of mEP2e ¢cDNA were isolated from the
mouse epididymis RNA as described above. We also isolated a 300-bp
fragment containing mBD-3 exon 2 from bacterial artificial chromosome
D11 (Incyte Genomics, Palo Alto, CA) by PCR amplification. Antisense
and sense RNA probes were prepared from these fragments by T3 or T7
RNA polymerase using a DIG RNA labeling kit (Roche, Basel,
Switzerland).

The mouse epididymis was fixed in 4% paraformaldehyde at 4°C over-
night and was cryosectioned at 20 pum. The sections were treated with 1
pg/ml proteinase K for 5 min at 37°C and 2 mg/ml glycine for 30 s,
postfixed in 3.7% formaldehyde in PBS for 20 min, and acetylated with
0.25% acetic anhydride in 0.1 M triethanolamine for 10 min. Hybridization
with DIG-labeled probe was conducted overnight at 55°C in 5X SSC, 1%
SDS, 50% formamide, and 1 mg/ml yeast tRNA containing 1 mg/ml probe.
Then, the sections were washed twice in 2X SSC, 1% SDS, 50% form-
amide and once in 0.2X SS8C, 0.1% SDS, 50% formamide at 60°C for 30
min each. The sections were incubated with anti-DIG alkaline phosphatase-
conjugated Abs diluted 1/2000 with 100 mM maleic acid (pH 7.5), 50 mM
NaCl, 0.1% Tween 20 overnight at 4°C, followed by an alkaline phospha-
tase reaction step under the following conditions: 50 mg/ml nitroblue tet-
razolium chioride, 50 mg/ml 5-bromo-4-chloro-3-indolyl phosphate, 10%
(w/v) polyvinylalcohol, 100 mM Tris-Cl (pH 9.5), 50 mM MgCl,, 100 mM
NaCl, 0.1% Tween 20. The sections were developed at 37°C in the dark.

Results
ldeniificarion of two novel hBD genes

Based on the public human genomic sequence (NT_019483), we
identified multiple sequences that could be encoding B-defensin
peptide because of its predicted cysteine pattern. We confirmed the
existence of two corresponding transcripts of these putative genes
by RT-PCR. The predicted amino acid sequences of these novel tran-
scripts contained the specific six-cysteine motif identical with hBD-4
and we named these novel peptides hBD-5 and hBD-6, although the
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FIGURE 1. Schematic view of the hBD gene cluster on chromosome 8,
The arrows indicate the direction of transcription of the indicated B-de-
fensin isoforms. The epididymis-specific genes were located in the adjacent
regions.

transcription initiation site of hBD-6 ¢cDNA has not been determined,
probably due to a too-low amount of hBD-6 mRNA.

The hBD-5 gene was located ~74.4 kb from the hBD-2 gene
and ~19 kb from the hBD-4 gene (Fig. 1). The hBD-5 gene en-
coded its transcript in the antisense direction to the hBD-2, -3, -4,
and HE2B1 genes. The hBD-6 gene was located between the
hBD-4 and hBD-5 genes. hBD-5 contained three exons separated
by the first 343-bp intron and the second 1248-bp intron while
hBD-6 contained two exons separated by a 3575-bp intron (Fig. 2).
No NF-«B consensus sites were found within the 5-kb promoter

of the hBD-5 gene. The hBD-6 gene contains the NF-«B con-

sensus sequence (GGGRNTYC) 5 and 1.3 kbp upstream of the

A hBD-5 gene

NOVEL EPIDIDYMIS-SPECIFIC 3-DEFENSIN ISOFORMS

start codon like the hBD-2 gene, which contains multiple
NE-«B binding sites (29, 34).

Identification of the mouse homolog of hBD-5, hBD-6,
and HE2[31

RIKEN’s full-length ¢cDNA sequence from the adult mouse epi-
didymis (AK020311) exhibited ~77% identity with the hBD-5
coding region. We also confirmed the transcript using RT-PCR,
5'-RACE, and 3'-RACE on the mouse epididymis RNA. Our se-
quence analysis contained a 2-nt difference from RIKEN's se-
quence in the 3’ noncoding region. Because this mouse homolog
corresponded to the Defbl2 genomic sequence indicated by
Schutte et al. (31), we named this isoform mBD-12. The genomic
sequencing revealed that the mBD-12 gene was also separated by
one short intron and one relatively long intron like hBD-5. The
nucleotide sequence of the mBD-12 exon 3 coding region was
97.4% identical (191 of 196) with the corresponding sequence of
mBD-35 ¢DNA (AJ437650) in the NCBI database, although
mBD-12 exon 1 and exon 2 showed no homology with mBD-35.
The genomic sequence of the second mBD-12 intron was also
quite different from the mBD-35 genomic sequence, indicating that
different genes encode these transcripts.
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FIGURE 2. Nucleotide and amino acid se-
quences of hBD-5 (A) and hBD-6 (B). Exon
sequences are shown in capital letters. The
exon-intron splice site sequences conform to E F A
the consensus rule. The dashed underlining in-
dicates a TATA box-like sequence of the E L
hBD-5 promoter. The boxes indicate the spe-
cific cysteine residues identical with hBD-4
and the dashed boxes indicate the additional
cysteine residues unique to hBD-5, hBD-6,
and their mouse homologs.
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FIGURE 3. Comparison of the predicted amino acid sequences of the hBD and mBD families. Shown are partial amino acid sequences of the hBD and
mBD isoforms whose tissue distribution was evaluated. The isoforms below the space were included in the epididymis-specific 3-defensin subgroup. The
solid boxes indicate the conserved residues among the multiple hBDs and mBDs. The dashed boxes show the conserved cationic residues.

Degenerate PCR amplification of the mouse epididymis cDNA
with primers common to HE281 and Binlb revealed a novel B-de-
fensin sequence homologous with Binlb. The cDNA sequence was
identical with RIKEN's full-length ¢cDNA sequence of the adult
mouse epididymis (AK020333) (32). We also confirmed the cor-
responding transcript using RT-PCR, 5'-RACE, and 3'-RACE on
the mouse epididymis RNA. The predicted amino acid sequence of
this cDNA is 68.1% (47 of 69) identical with chimpanzee EP2E
and 88.4% (61 of 69) identical with Binlb, and we named this
B-defensin isoform mEP2e. The genomic sequence revealed that
the mEP2e gene was composed of only two exons separated by an
~1.2-kb intron, supporting mEP2e correspond to the EP2E splic-
ing variant in the chimpanzee EP2 gene. The HE281 gene was
composed of three exons separated by the first 583-bp intron and
the second 11815-bp intron corresponding to the EP2D isoform
(9-11, 28). The amino acid sequence encoded by the mEP2e exon
2 was also 67.3% (35 of 52) identical with the corresponding se-
quence of HE231. We could not detect the mouse variant corre-
sponding to the EP2D isoform using the 5'-RACE system.

Using the public mouse nucleotide database at the NCBI
(ALS580619), we detected the genomic sequence homologous with
the hBD-6 gene and confirmed the corresponding transcript using
RT-PCR, 5'-RACE, and 3'-RACE on the mouse epididymis RNA.
This mouse homolog was completely identical with defb11 gene at
the NCBI database (AJ437648), named mBD-11. The predicted
amino acid sequence of mBD-11 is 70.9% (46 of 65) identical with
hBD-6 corresponding sequence. mBD-11 was composed of two
exons separated by a 2567-bp intron like hBD-6. No NF-«B con-
sensus sites were found within the 5-kb promoter of the
mBD-12 gene.

Comparison of the hBD and mBD isoforms

In Fig. 3, we compared the partial amino acid sequences of hBD-5,
hBD-6, mBD-11, mBD-12, and mEP2e with the known $3-defensin
isoforms whose tissue distribution had been evaluated. All the
isoforms contain the specific cysteine motif (whose cysteine
residues are referred to as Cl; C2, C3, C4, C5, and C6 residues
in order here).

Although the amino acid sequences were quite variable among
the members of the B-defensin family, except the specific cysteine
motif, there are some residues relatively conserved, such as the
glycine two positions before the C2 residue (Fig. 3). As described
below, mBD-11, mBD-12, and mEP2e in the mBD family and
HE231, hBD-4, hBD-5, and hBD-6 in the hBD family showed the
epididymis-specific expression pattern. These isoforms conserve

the glutamic acid residue six positions before the C4 residue and
do not conserve the glycine residue three positions before the C2
residue. These features are rather common among the potentially
new [-defensin isoforms whose expression had not been estab-
lished (33). Interestingly, a-defensin also includes the glutamic
acid residue six positions before the C4 residue (1, 35).

Antimicrobial activity of synthetic mBD-12 peptide

To confirm the antimicrobial activity of mBD-12, we synthesized
a putative mature peptide of mBD-12. The synthetic peptide
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FIGURE 4. Antimicrobial activity of mBD-12 synthetic peptide. The
survival ratio is the ratio of the number of survived colonies to that of
control colonies. The means and the SEs of the log,, survival ratio are
depicted. We also added the data of mBD-6 and- HNP-1, which had been
previously reported. A, mBD-12 showed significantly more potent micro-
bicidal activity against E. coli at the concentration of 20 pg/ml than HNP-1
(Student’s ¢ test, p < 0.01). B, mBD-12 antimicrobial activity was signif-
icantly reduced at the environmental sodium concentrations of 50, 100, and
150 mM (Student’s ¢ test, p < 0.01).
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showed bactericidal activity against E. coli. We compared the po-
tency of mBD-12 with mBD-6 and HNP-1 synthetic peptide,
whose data had been previously reported (20). mBD-12 bacteri-
cidal activity was significantly more potent than HNP-1 at the
concentration of 20 pg/ml (Student’s ¢ test, p < 0.01) (Fig. 44).
This potency was comparable to other B-defensins because the
minimum inhibitory concentration of recombinant mBD-3 was 16
pg/ml against E. coli and the effective concentration of hBDs
ranged from 5 to 60 pg/ml (5-7, 13, 14). The antimicrobial
potency of mBD-12 was significantly reduced at high concen-
trations of NaCl like hBD1, hBD-2, hBD-4, mBD-1, and
mBD-6 (Student’s ¢ test, p < 0.01) (Fig. 4B) (5, 7, 13, 14).

Tissue distribution of hBD-5, hBD-6, mBD-11, mBD-12, and
mEP2e

RT-PCR revealed that hBD-5 and hBD-6 were specifically ex-
pressed in the human epididymis (Fig. SA). No signal was detected
in the other main organs: brain, trachea, lung, heart, liver, kidney,
skeletal muscle, and testis. This expression pattern was similar to
that of hBD-4. Although a- previous report has shown the main
expression of hBD-4 in the testis, our data more precisely indicate
the hBD-4 expression in the human epididymis but not in the testis
(7). HE231 expression has never been evaluated well. OQur RT-
PCR amplification of human epididymis RNA revealed a 546-bp
fragment consistent with HE2«1 and a 470-bp fragment consistent
with HE2B1, confirmed by sequencing. Although weak signals

A
hBD-5 250 bp
hBD-6 249 bp
-550 b
HE2 470 b
hBD-4 650 bp
G3PDH - 300 bp
(25 cycles) s
X & A e &
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mBD-11
mBD-12
mEP2e
mBD-3
G3PDH
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FIGURE 5. Tissue distribution of novel B-defensin isoforms in humans
(A) and mice (B). RT-PCR of the indicated p-defensin isoforms and
G3PDH was performed from the total RNA of the indicated tissues in
humans or mice. PCR of B-defensin cDNA was conducted for 30 cycles
and PCR of G3PDH was conducted for 25 cycles. hBD-4, hBD-5, hBD-6,
HE281, and their mouse homologs are all predominantly expressed in the
epididymis. The amplification of HE2 cDNA revealed a 546-bp fragment,
consistent with HE2«a1, and a 470-bp fragment, consistent with HE21.
The amplification of mBD-12 also revealed a weak 385-bp fragment cor-
responding to the alternative spliced product. mBD-3 expression was de-
tected in the esophagus, tongue, stomach, and epididymis.

NOVEL EPIDIDYMIS-SPECIFIC B-DEFENSIN ISOFORMS

were also detected in the trachea or lung, the specific amplification
of HE2 family was not confirmed by sequencing in this tissue,
indicating that HE2 expression would be also confined to the
epididymis.

To evaluate the mBD-11, mBD-12, and mEP2e expression, we
isolated total RNA from the intestine, stomach, liver, kidney, heart,
brain, esophagus, tongue, lung, trachea, skeletal muscle, epididy-
mis, and testis of a male ICR mouse aged 4 mo. RT-PCR of mBD-
11, mBD-12, and mEP2e also revealed the epididymis-specific tis-
sue distribution (Fig. 5B). The tissue specificity of these isoforms
was clearly different from mBD-3. RT-PCR revealed mBD-3 ex-
pression in the mouse esophagus and tongue, consistent with pre-
vious reports {18-20). Interestingly, we also detected weak
mBD-3 expression in the mouse epididymis, which had not been
evaluated well (18). The mBD-3 expression in the epididymis was
demonstrated more clearly in Fig. 6 using the 35-cycle PCR. RT-
PCR analysis of mBD-1, mBD-2, and mBD-6 also showed their
expression in the mouse epididymis, whereas mBD-4 expression
was not detected (data not shown).

PCR amplification of mBD-12 revealed one larger 700-bp frag-
ment and one shorter 385-bp fragment using the specific primers
from the exon 1 and the 3’ noncoding region. Sequencing of the
PCR products indicated the larger one coiresponding to mBD-12
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FIGURE 6. RT-PCR analysis of the regional specificity of the mBD
family in the epididymis. We isolated total RNA from the mouse bladder,
seminal vesicle, seminal duct, and the epididymis caput, corpus, and caudal
region separately. RT-PCR detected mBD-11 and mBD-12 expression
most prominent in the epididymis caput region especially after 25 cycles,
and completely absent in the seminal tract, seminal vesicle, and bladder.
mEP2e expression was also most prominent in the caput region, but the
compatible expression was also detected in the corpus region even after 25
cycles. RT-PCR of mBD-3 showed ubiquitous expression in.the caput re-
gion, corpus region, and caudal region. mBD-3 expression was detected
even in the seminal tract.
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and the shorter one corresponding to the novel transcripts that total RNA from the caput, corpus, and caudal region of the adult
contained the identical sequences with the 5’ end of mBD-~12 exon mouse epididymis separately. We also isolated total RNA from the
1 and the 3’ noncoding region of mBD-12 exon 3, suggesting that mouse seminal duct, seminal vesicle, and bladder. RT-PCR re-
they were alternatively spliced exons encoded by a single gene. vealed that mBD-11 and mBD-12 expression was most prominent
in the epididymis caput region and was completely absent in the
seminal tract, seminal vesicle, and bladder (Fig. 6). mEP2e ex-
pression was also most prominent in the caput region, but the
Our evaluation of tissue distribution suggested the importance of compatible expression was also detected in the corpus region. RT-
the B-defensin family in the male reproductive organ. To further PCR of mBD-3 showed ubiquitous expression in the caput, corpus,
investigate the precise distribution of their expression, we isolated and caudal region and even in the seminal tract. mBD-1, mBD-2,

Region specificity of mBD-11, mBD-12, and mEP2e expression
in the mouse epididymis

A |
mBD12
" Caput
Corpus
Cauda
\
D
¢ mBD-12
mbBh-12
ot
F
mBD-3

FIGURE 7. Insitu hybridization of the epididymis with mBD-12 and mBD-3 antisense probe. The cryosectioned epididymis slides were hybridized with
‘the indicated antisense probe. A, Low magnification, The hybridization signals of the mBD-12 antisense probe were confined to the epithelial cells of
the epididymis caput mid/distal segment indicated by the arrows. No signals were detected in the corpus or caudal region. B, Low magnification. The
hybridization signals of the mBD-3 antisense probe were present in the capsule and septum of the whole epididymis. C, The higher magnification of the
caput region revealed more clearly the confined distribution of mBD-12 mRNA. D, The higher magnification of the box in Fig. 8B indicated the mBD-12
regulation at the cellular level. Some epithelial cells exhibited strong signals, whereas adjacent epithelial cells exhibited none, indicating the cell specificity
of its expression. & and F, The higher magnification of the caput region (£) and caudal region (F) also revealed more clearly mBD-3 expression in the
mesenchymal cells surrounding and compartmentalizing the epididymis. The lower signals were also present in the connective tissues around the epithelial
cells. Scale bars = 100 (4 and B), 50 (C), 25 (D), and 10 (E and F) wm.
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and mBD-6 also showed the ubiquitous expression in the whole
epididymis (data not shown).

To confirm the region-specific expression of mBD-11, mBD-12,
and mEP2e in the mouse epididymis, we analyzed the distribution
of mBD-11, mBD-12, mEP2e, and mBD-3 mRNA at the cellular
level using in situ hybridization. The hybridization signals of the
mBD-11, mBD-12, or mEP2e antisense probe were confined to the
epithelial cells of the mid/distal segment of the caput region, in-
dicating the region specificity of their expression (Figs. 7 and 8).
Higher magnification also revealed more complex regulation of
mBD-12 or mEP2e expression; i.e., some epithelial cells exhibited
strong signals whereas the adjacent epithelial cells exhibited none
in the same segment, indicating the cell specificity of their expres-
sion (Fig. 7D). The sense probes gave no hybridization signals
(data not shown).

Parallel sections were hybridized to mBD-3 probes that gave
distinct expression patterns. The most strong mBD-3 hybridization
signals were present in the mesenchymal cells surrounding and
compartmentalizing the epididymis, while lower signals were
present in the connective tissues around the epithelial cells. This
expression pattern was conserved in the caput, corpus, and caudal
region, consistent with our data of RT-PCR (Fig. 7).

We compared the region specificity among mBD-11, mBD-12,
and mEP2e by hybridization of adjacent sections with each'probe.
Their signals were almost colocalized in the mid/distal segment of
the caput region (Fig. 8). However, a narrow portion adjacent to
the initial segment exhibited mBD-12 hybridization signals more
intensely and a relatively wide distal portion exhibited mEP2e hy-

FIGURE 8. In situ hybridization of mBD-11, mBD-12, and mEP2e
mRNA in the epididymis. The parallel section was hybridized with
mBD-11 (4), mBD-12 (B), or mEP2e (C) antisense probe. Because B and
C are adjacent sections, the region specificity of mBD-12 and mEP2e ex-
pression can be precisely evaluated. A, mBD-11 signals were confined to
the mid/distal segment of the caput region. B, mBD-12 signals were also
confined to the mid/distal segment of the caput region. The distal region
shown by the arrowheads exhibited no mBD-12 signals, although mEP2e
signals were intense in this region, shown in C. The higher magnification
of the box was shown in Fig. 7D. C, mEP2e signals were also confined to
the mid/distal segment of the caput region. However, the narrow region
shown by the arrowheads exhibited no mEP2e signals, although mBD-12
signals were intense in this region, shown in B. Scale bars = 100 um.

NOVEL EPIDIDYMIS-SPECIFIC 3-DEFENSIN ISOFORMS

bridization signals more intensely, consistent with the RT-PCR
analysis.

Discussion
In this work we describe the identification of the epididymis-spe-
cific B-defensin isoforms including two novel hBD, termed hBD-5
and hBD-6, and the mouse homologs of hBD-5, hBD-6, and
HE2p1, tetmed mBD-12, mBD-11, and mEP2e, respeciively.
The organization of gene cluster is a peculiar feature of the
defensin family and prompted us to use the human genomic se-
quence to search novel defensin genes. Because multiple isoforms
of the B-defensin family had been identified in human and mouse
organs and may compensate each other for their common functions
in part, the overall identification of B-defensin isoforms is very
important to study their physiological roles.
hBD-5, hBD-6, hBD-4, and HE281 were specifically expressed
in the human epididymis. Because the epididymis is anatomically
continuous to the urethra, it is always at the risk of ascending
microbial invasion. Acute epididymitis is a common sexually
transmitted disease, caused by bacterial infection of the epididy-
mis. Therefore, host defense against a bacterial pathogen would be
very important in the epididymis for the protection of spermatozoa.
Our identification of the novel mBD, mBD-12, and mEP2e
would also be noteworthy because animal models are very useful
to understand the physiological and pathological significance of
these peptides. The comparison of the genomic organization of
HE2£1 and mEP2e revealed that HE281 and mEP2e would be
included in different message variants. Although the genomic se-
quence of the HE2 gene indicated the possible existence of another
promoter within the second intron of the HE281 gene, no tran-
scripts corresponding to the EP2e isoform have been identified in
humans. Considering that no splicing variants corresponding to the
HE2p1 isoform were detected in mice, the major transcript would
be different between humans and mice, at least at a basal state.
Our identification of the epididymis-specific B-defensin iso-
forms clarified the existence of two groups in the B-defensin fam-
ily: epididymis-specific isoforms and the other isoforms. The
former includes HE2p1, hBD-4, hBD-5, and hBD-6 and the latter
includes hBD-1, hBD-2, and hBD-3 in humans. Interestingly, the
epididymis-specific S-defensin genes were located within a region
encompassing ~40 kb in the human defensin gene cluster on chro-
mosome 8. In mice, this report first indicated that mBD-11, mBD-

12, and mEP2e are expressed, and that their expression is epidid-

ymis specific. Between the two groups, some different features are
present in their amino acid sequences. First, the amino acid se-
quences of the epididymis-specific S-defensin isoforms were well
conserved between humans and mice in comparison with the other
B-defensin isoforms. Although mBD-3 had been regarded as a
hBD-2 homolog, the amino acid sequence identity was only 40%.
In contrast, mBD-11, mBD-12, and mEP2e were >65% identical
with their human homologs. Second, some amino acid residues are
different between the two groups. The glutamic acid residue is
conserved in six positions before the C4 residue in the epididymis-
specific B-defensin isoforms, and this feature is conserved even in
the a-defensin family. Although few conserved residues have been
indicated, except the cysteine motif, between the a-defensin and
B-defensin families and it had been questioned whether the two
families have really descended from a single ancestral gene, this
common feature would support the evolutionary continuity be-
tween the a-defensin and p-defensin families (36). In addition,
these features would reflect the existence of some specific micro-
environmental condition of host defense in the epididymis.

Qur evaluation of the mBD-11, mBD-12, mEP2e, and mBD-3
expression pattern in the epididymis revealed mBD-11, mBD-12,
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-and mEP2e expression in the epithelial cells of the mid/distal seg-
ment of the caput region and mBD-3 expression in the capsule and
septum of the whole epididymis. These findings also clarify the
different features between the epididymis-specific isoforms and the
other B-defensin isoforms.

More interestingly, mBD-11, mBD-12, and mEP2e were ex-

pressed in different regions, although major portions of the middle. -

segment expressed both genes. In general, the epididymis displays
a highly region-specific and cell-specific pattern of gene expres-
sion (37, 38). This spatial regulation would make different luminal
environments, and in these specific environments the specific func-
tions of the epididymis would be conducted, such as regulation of
sperm maturation, storage of mature spermatozoa, and protection
from pathogens or reactive oxygen. Our results indicate that some
different regional regulation would be also working among the
members of the epididymis-specific S-defensin family, suggestive
of their roles in the specific functions of the epididymis, although
this issue remains to be investigated more clearly,
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Objective: Recently, human B-defensin-2 (hBD-2), an inducible defensin, has been reported to be
involved in innate immunity and host defence. To examine the exact roles of hBD-2 in the respira-
tory system, we examined the molecular mechanisms of hBD-2 gene expression in vitro.
Methodology: Using a human airway cell line (LC-2/ad), lipopolysaccharide (LPS)-induced gene
expression of hBD-2 was studied in the absence or the presence of (i) dexamethasone, (ii) inhibition
of NF-xB and AP-1, (iii) intracellular calcium chelator, and (iv) cyclooxygenase (COX) inhibitors.
Results: Lipopolysaccharide-induced gene expression of hBD-2 was down-regulated by (i) dex-
amethasone, (ii) inhibition of NF-xB and AP-1, and (iii) intracellular calcium chelator. However, COX
inhibitors had no effect on LPS-induced mRNA expression of hBD-2.

Conclusion: These findings suggest that glucocorticoids (GC), but not COX inhibitors, reduce
hBD-2 gene expression, while NF-xB, AP-1 and intracellular calcium are essential for hBD-2 expres-
sion. Glucocorticoid-induced down-regulation of hBD-2 might be involved in the GC-induced
suppression of respiratory host defence associated with hBD-2.

Key words: cyclooxygenase inhibitors, glucocorticoids, human 8-defensin:2, intracellular calcium,

NF-xB.

INTRODUCTION

Antimicrobial peptides including B-defensins are
thought to be effective against opportunistic infec-
tions.”” In humans, three B-defensins have been
identified. The first human p-defensin, hBD-1, is pre-
dominantly expressed in epithelia of the urogenital
tract and has been reported to be constitutive.*® The
second and third human B-defensins, hBD-2 and
hBD-3, were isolated from psoriatic skin and found to
be predominantly expressed in the skin and respira-
tory tract.®” Of note, hBD-2 gene expression is
inducible by various proinflammatory agents such
as TNF-o, IL-1B, IL-8, lipopolysaccharide (LPS)},
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bacteria, and yeasts.®**! It has been shown that
LPS-induced expression of hBD-2 in human tracheo-
bronchial epithelial cells requires CD14, which may
complex with a Toll-like receptor (TLR)} to ultimately
activate NF-xB.” In addition, p-defensins have been
recently reported to promote immune responses by
recruiting dendritic and T cells through interaction
with CCR6."2

Recently, it has been suggested that hBD-2 could be
involved in the respiratory immune system.'* Human
airway epithelial cells express hBD-2, which is
induced by inflammation and bacteria including
Pseudomonas aeruginosa. It has also been demon-
strated that hBD-2 has a broad spectrum of antimi-
crobial activity against both bacteria®*® and fungi,®
which are common pathogens provoking respiratory
infection. Therefore, it is postulated that hBD-2 is an
epithelium-derived antimicrobial peptide that con-
tributes to respiratory host defence.'”

In the cwrrent study, we examined the molecular
mechanisms of hBD-2 expression in vitro. To perform
the present study, we used a human airway cell line,
LC-2/ad, which was established from pleural effu-
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sion of pulmonary adenocarcinoma and exhibits an
epithelial appearance.'

MATERIALS AND METHODS

All materials were obtained from Sigma Chemical Co.
(St. Louis, MO, USA) unless otherwise noted.

Cell culture

LC2/ad were obtained from RIKEN (Ibaraki, Japan)
and grown in RPMI 1640 (Nissui, Tokyo, Japan)/
Ham F12 (Nissui) medium containing 15% fetal
bovine serum (FBS)."* LC2/ad from passage 3-10 were
grown to confluency in 78.54cm? culture dishes
(100mm in diameter). The entire apparatus was
placed in a CO, incubator at 37°C in 5% CO,/95%
humidified air.

The effect of lipopolysaccharide on human
B-defensin-2 gene expression

LC2/ad were stimulated with Pseudomonas
aeruginosa-derived LPS, serotype 10. A time course of
hBD-2 mRNA induction by LPS (1 pg/mL) was per-
formed from 0 to 48h. Dose-dependent responses
induction of hBD-2 mRNA by LPS was examined at
24 h. We aspirated medium from culture dishes after
stimulation with LPS and washed the cells twice. RNA
was extracted frin each sample and analysed by
Northern blot.

Regulation of human $-defensin-2 by
transcriptional factors and intracellular
calcium chelator

To study the role of NF-xB in LPS-induced hBD-2
gene expression, pyrrolidine dithiocarbamate
(PDTC), an NF-xB inhibitor, was added to the
medium. The concentration of FBS in the medium
was 5% during the experiments. LC2/ad were pre-
treated with PDTC for 2h and subsequently stimu-
lated with LPS for 12 h.

The role of AP-1 in the LPS-induced hBD-2 gene
expression was examined by adding 12-O-tetra-
decanoylphorbol-13-acetate {(TPA) to the medium.
LC2/ad were stimulated with TPA (107 M) for indi-
cated times. In addition, LC2/ad were pretreated with
TPA (1077 M) for 24 h and subsequently stimulated
with LPS (1 pg/mL) for 1-24 h.

In order to elucidate the role of intracellular
calcium in LPS-induced elevation of hBD-2 gene
expression, bis-(0-aminophenoxy)-ethane-N,N,
N”,N'-tetraacetic acid, tetra (acetoxymethyl)-ester
(BAPTA-AM, intracellular calcium chelator) (Dojin
Chemical Institute, Kumamato, Japan) was added
to the medium. LC2/ad were pretreated with BAPTA-
AM for 2 h and subsequently stimulated with LPS
(1pug/mL) for 24 h.

T Tomita et al.

Regulation of human B-defensin-2 by
glucocorticoids

In order to study the effects of glucocorticoids, a
range of dexamethasone concentrations were added
to the medium. LC2/ad were pretreated with dexam-
ethasone for 2 h and subsequently stimulated with
LPS (1 pg/mL) for 24 h. RNA was extracted frin each
sample and analysed by Northern blot.

Regulation of human $-defensin-2 by
cyclooxygenase inhibitors

In order to study the effects of COX inhibitors,
indomethacin, aspirin or N§-398 (Cayman Chemical,
M1, USA) were added to the medium. L.C2/ad were
pretreated with each COX inhibitor for 2h and subse-
quently stimulated with LPS (1 pg/mlL) for 24 h.

Reverse transcription polymerase chain
reaction amplification

The reverse transcription polymerase chain reaction
(RT-PCR) hBD-2 c¢DNA product was obtained by
using oligonucleotides, 5-CCAGCCATCAGCCATGAG
GGT-3’ as an antisense primer, 5-GGAGCCCTTTCT
GAATCGCA-3’ as a sense primer, and RNA from LC2/
ad cells as a template. The RT-PCR was performed
using a Titan one tube RT-PCR kit. The general proto-
col for RT-PCR amplification was modified as follows:
initial denaturation was 1 min at 95°C; 40 cycles of
amplification was performed by cycling 1.15min at
94°C, 30 s at 60°C, and 1min at 68°C. Bands were
purified by electroelution after electrophoresis in
polyacrylamide gels.

Human p-defensin-2 cDNA probe and Northern
blot analysis

The above-mentioned RT-PCR amplification was
used to generate an hBD-2 cDNA fragment. The
human B-defensin-2 cDNA fragment was ligated
into pCR 2.1 vector (Invitrogen, Carlsbad, CA, USA).
We aspirated medium from culture dishes stimulated
with various drugs and then washed the cells
twice. Total cellular RNA was extracted by the
acid guanidinium thyocynate-phenol-chloroform
method® from LC2/ad and quantitated by measuring
absorbance at 260nm. RNA samples (25ug) were
electrophoresed through 1.2% formaldehyde/agarose
gels and transferred to nylon membranes (Biodyne
Plus Membrane, PALL Corporation, Hills, NY, USA)
by standard procedures.’® The membranes were
hybridized with a random primed, **P-labelled, Eco R1
fragment of hBD-2 cDNA. The hybridization was
performed for 2 h using Quick Hybridization Solution
(Stratagene, La Jolla, CA, USA). The hybridized
membranes were then washed and autoradi-
ographed. The membranes were subsequently re-
hybridized with a *P-labelled 18S oligonucleotide
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Figurel () Time course of human f3-defensin-2 (hBD-2)
mRNA induction by lipopolysaccharide (LPS). The human
airway cell line LC2/ad was stimulated by LPS (10 ug/mL),
and total RNA was extracted at the indicated times. North-
ern blot analysis was performed with 25ug of total RNA
hybridized with hBD-2 cDNA probe. The membrane was
rehybridized with 188 probe. (b) Dose responses of hBD-2
mRNA induction by LPS. LC2/ad were stimulated with LPS,
and total RNA was extracted after 24 h. Northern blot analy-
sis was performed with 25 ug of total RNA hybridized with
hBD-2 cDNA probe. The membrane was rehybridized with
18S probe.

(ACGGTATCTGATCGTCTTCGAACC) as an internal
standard for total RINA content.

RESULTS

The baseline level of hBD-2 mRNA was not de-
tectable, while LPS increased hBD-2 mRNA levels in
LC2/ad in both a time- (Fig. 1a) and dose-dependent
manner (Fig. 1b). Lipopolysaccharide-induced eleva-
iion of hBD-2 mRNA was inhibited by PDTC (NF-xB
inhibitor).

To study the role of NF-xB in LPS-induced hBD-2
gene expression, LC2/ad were pretreated with PDTC
for 2h and subsequently stimulated with LPS for
12 h. Lipopolysaccharide-induced elevation of hBD-2
mRNA was partially inhibited by PDTC pretreatment,
suggesting that LPS-induced elevation of hBD-2 gene
t(al}?cpression is dependent on NF-xB activity in part

ig. 2).

LC2/ad were then stimulated by TPA (107 M). While
increased mRNA levels of heparin-binding epidermal
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Figure2 Lipopolysaccharide (LPS)-induced up-regulation
of human B-defensin-2 (hBD-2) mRNA was inhibited by a
NFP-xB inhibitor, pyrrolidine dithiocatbamate (PDTC).
LGC2/ad cells were stimulated with LPS (1pug/ml) in the
absence or presence of PDTC for 12 h, Northern blot analy-
sis was performed with 25 g of total RNA hybridized with
hBD-2 cDNA probe. The membrane was rehybridized with
18S probe.

growth factor like growth factor (HB-EGE) were
observed following 1-4h TPA pretreatment, hBD-2
gene expression was not detected at any time point
(Fig. 3a). This result indicated that TPA stimulation
was sufficient for the induction of HB-EGE but not
for that of hBD-2, LC2/ad were pretreated with TPA
(10" M) for 24 h to down-regulate protein kinase C
(PKC) activity. Cells were subsequently stimulated
with LPS for 1-24 h. Lipopolysaccharide-induced ele-
vation of hBD-2 mRNA was inhibited by TPA pre-
freatment, suggesting that LPS-induced elevation of
hBD-2 gene expression is partly dependent on PKC
activity (Fig. 3b).

To examine the role of intracellular calcium in
LPS-induced up-regulation of hBD-2 gene, LC2/ad
were stimulated with LPS in the absence or presence
of BAPTA-AM, an intracellular calcium chelator.
Lipopolysaccharide-induced elevation of hBD-2
mRNA levels was' completely inhibited by BAPTA-
AM (Fig. 4). This finding suggests that intracellular
calcium is necessary for LPS-induced hBD-2 gene
expression.

Subsequently, LC2/ad were stimulated with LPS in
the absence or presence of dexamethasone (gluco-
corticoid), indomethacin, aspirin (COX inhibitor),
and NS-398 (COX-2 selective inhibitors). As shown in
Fig.5, LPS-induced elevation of hBD-2 mRNA levels
was inhibited by dexamethasone. In contrast, LPS-
induced hBD-2 gene expression was not affected by
indomethacin, aspirin, or NS-398 (Figs 6,7).

DISCUSSION

The current data indicate that dexamethasone down-
regulates LPS-induced hBD-2 gene expression in
airway epithelial cells. The NF-xB pathway appears
to play a key role in the expression of hBD-2, while
intracellular calcium and, in part, PKC activity are
also essential for LPS-induced expression of hBD-2,
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Figure3 (a) TPA induced the expression of HB-EGF
mRNA, but not that of human p-defensin-2 (hBD-2). LC2/ad
were stimulated by 12-O-tetra-decanoylphorbol-13-acetate
(TPA; 107" M) for the indicated times, or with lipopolysac-
charide (LPS) for 24h. Northern blot analysis was per-
formed with 25 1ig of total RINA hybridized with hBD-2 cDNA
probe. The membrane was rehybridized with HB-EGF probe
and 18S probe. (b) LPS-induced up-regulation of hBD-2
mRNA was partially inhibited by TPA pretreatment, LC2/ad
were pretreated with TPA (107" M) for 24 h and subsequently
stimulated with LPS (1ug/mlL) for 1-24h. Northern blot
analysis was performed with 25 pug of total RNA hybridized

. with hBD-2 ¢DNA probe. The membrane was rehybridized
with 18S probe.

In contrast, COX inhibitors had no effect on LPS-
induced hBD-2 gene expression.

B-defensins are antimicrobial peptides that control
the defence of mammalian epithelial mucosa. Tra-
cheal antimicrobial peptide (TAP) and lingual anti-
microbial peptide (LAP) were the first members of
the B-defensin family of mammalian antimicrobial
peptides to be described.'™® Tracheal antimicrobial
peptide is' produced by bovine respiratory tract
mucosa, while LAP is produced by tongue mucosa.
The genes for these peptides are inducibly expressed
by various proinflammatory agents such as TNF-o,
IL-1B, bacteria or bacterial LPS.”** In humans, three
B-defensins have been identified. The first human -
defensin, hBD-1, was isolated as a trace peptide from
human haemofiltrates, where its mRNA is found to be
predominantly expressed in epithelia of the urogeni-
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Figure4 Lipopolysaccharide (LPS)-induced up-regulation
of human B-defensin-2 (hBD-2) mRNA was inhibited by
bis-(o-aminophenoxy)-ethane-N,N,N’,N'~tetraacetic acid,
tetra (acetoxymethyl}-ester (BAPTA-AM), LC2/ad were stim-
ulated with LPS (1 pg/mlL) in the absence or presence of
BAPTA-AM for 24 h. Northern blot analysis was performed
with 25 pg of total RNA hybridized with hBD-2 cDNA probe.
The membrane was rehybridized with 18S probe.
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Figure5 Lipopolysaccharide (LPS)-induced up-regulation
of human p-defensin-2 (hBD-2) mRNA was inhibited by
dexamethasone. LC2/ad were stimulated with LPS (1pug/
ml) in the absence or presence of dexamethasone for 24 h.
Northern blot analysis was performed with 25pg of total
RNA hybridized with hBD-2 ¢DNA probe. The membrane
was rehybridized with 18S probe. DEX, dexamethasone.

tal tract.>® The second human §-defensin, hBD-2, is
isolated from psoriatic skin, where its mRNA is found
to be predominantly expressed in epithelia of the
trachea and lung.%® The third B-defensin, hBD-3, was
also isolated from psoriatic skin.” In terms of patterns
of gene expression, there is a marked difference
among these B-defensins. The expression of hBD-1
has been reported to be constitutive.* In contrast,
hBD-2 gene expression is inducible by various pro-
inflammatory agents such as TNF-o, IL-1j3, IL-8, LPS,
bacteria, and yeasts.®*! The expression pattern of
hBD-3 has also been reported to be inducible.” There-
fore, hBD-2 and hBD-3 are considered to represent
the human equivalent of bovine TAP and LAP It
has been suggested that these inducible B-defensins
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Figare6 Lipopolysaccharide (LPS)-induced up-regulation
of human B-defensin-2 (hBD-2) mRNA was not inhibited by
indomethacin or NS-398. LC2/ad were stimulated with LPS
{1pg/mL) in the absence or presence of indomethacin or
NS-398 for 24h. Northern blot analysis was performed
with 25 ug of total RNA hybridized with hBD-2 cDNA probe.
The membrane was rehybridized with 18S probe. IND,
indomethacin.
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Figure7 Lipopolysaccharide (LPS)-induced up-regulation
of human B-defensin-2 (hBD-2) mRNA was not inhibited by
aspirin. LC2/ad were stimulated with LPS (1 pg/ml) in the
absence or presence of aspirin for 24 h. Northern blot analy-
sis was performed with 25 ug of total RNA hybridized with
hBD-2 cDNA probe. The membrane was rehybridized with
18S probe.

may play important roles in innate immunity and
dynamic host defence.

Recently, the 5'-flanking region of hBD-2 has
been demonstrated to contain consensus binding
sequences for AP-1-like and NF-xB-like sites, sug-
gesting that hBD-2 is inducible by acute inflamma-
tory stimuli. Consequently, it has been assumed that
AP-1 and NE-«B participate in transcriptional regula-
tion. In support of this, it was reported that NF-«xB
participates in the transcriptional regulation of TAP
gene expression following LPS stimulation.? Further-
more, it has been recently reported that LPS-induced
expression of hBD-2 in human tracheobronchial
epithelial cells requires CD14 and Toli-like receptors
(TLR) to activate NF-xB.° It is presumed that: (i) mam-
malian TLR and associated signalling factors may
represent a conserved evolutionary response to infec-
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tious pathogens, and (ii) LPS- and IL-1-inducible
hBD-2 may be a conserved defence mechanism
similar to the antimicrobial peptides found in
Drosophila.” However, little is yet known about roles
of AP-1 in hBD-2 expression. From the present study
itis suggested that transcriptional activity of hBD-2 is
related to NF-«B: and, partly, AP-1. This finding
is compatlble with'the existence of both consensus
sequences in the putative promoter region. In addi-
tion, intracellular calcium is also involved in hBD-2
gene expression induced by LPS.

Glucocorticoids have been used as immunosup-
pressive drugs to manage inflammatory diseases. It is
postulated that the activities of GC are mediated by (i)
various transcription factors including NF-«B and
AP-1 and (ii) T-cell-mediated immunity. While GC are
useful immunosuppressive agents, high doses of GC
are associated with a high incidence of infection. Cur-
rently, little is known about GC-induced susceptibil-
ity to opportunistic infection. In the present study, we
obtained direct evidence that LPS-induced hBD-2
gene expression was inhibited by dexamethasone in
airway epithelial cells in vitro.

It is possible that GC-induced down-regulation
of hBD-2 is related to the increased risk of oppor-
tunistic respiratory infection in GC-treated patients.
Glucocorticoids inhibit both NF-«B and AP-1 tran-
scription factors, resulting in inhibition of hBD-2
gene expression. Since hBD-2 has both bactericidal
and fungicidal activities,*'* GC-induced inhibition of
hBD-2 might contribute to opportunistic respiratory
infection. In addition, previous reports have shown
that §-defensins including hBD-2 are chemotactic for
immature dendritic cells and memory T cells through
CCR6." Therefore, GC-induced inhibition of hBD-2
is potentially involved in suppression of T-cell-
mediated host defence.

In the present study, COX inhibitors including a
COX-2 sgelective inhibitor had no effect on LPS-
induced hBD-2 gene expression in cultured airway
epithelial cells. It remains controversial whether
host defence against infectious agents would be
affected by non-steroidal anti-inflammatory drugs
including COX inhibitors. The present results
suggest that COX inhibitors are unlikely to suppress
defence..mechanisms associated with hBD-2 in
airway epithelia. Recently it has been reported
that inhibition of COX and lipoxygenase might be
effective in treating sepsis-associated adult respira-
tory distress syndrome.”® The present data might
further support this treatment in terms of maintain-
ing host defence.

In summary, dexamethasone inhibits hBD-2
gene expression induced by LPS. Both NF-xB and
AP-1 transcription factors are essential for hBD-2
gene expression. Cyclooxygenase inhibitors fail to
inhibit LPS-induced expression of hBD-2, suggesting
that COX inhibitors are unlikely to suppress host
defenice associated with hBD-2. Glucocorticoid-
induced down-regulation of hBD-2 may be related to
GC-induced suppression of respiratory host defence.
The inducible B-defensins including hBD-2 might
provide a new therapeutic approach to GC-induced
susceptibility to respiratory infection.
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A pivotal role of cytosolic phospholipase A, in
bleomycin-induced pulmonary fibrosis
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Pulmonary fibrosis is an interstitial disorder of the lung parenchyma whose mechanism is poorly
understood. Potential mechanisms include the infiltration of inflammatory cells to the lungs and
the generation of pro-inflammatory mediators. In particular, idiopathic pulmonary fibrosis is a
progressive and fatal form of the disorder characterized by alveolar inflammation, fibroblast
proliferation and collagen deposition. Here, we investigated the role of cytosolic phospholipase
Ay (cPLA;) in pulmonary fibrosis using cPLA,-null mutant mice, as cPLA; is a key enzyme in the
generation of pro-inflammatory eicosanoids. Disruption of the gene encoding cPLA; (Pla2g4a)
attenuated IPF and inflammation induced by bleomycin administration. Bleomycin-induced
overproduction of thromboxanes and leukotrienes in lung was significantly reduced in cPLA,-
null mice. Our data suggest that cPLA; has an important role in the pathogenesis of pulmonary
fibrosis. The inhibition of cPLAj-initiated pathways might provide a novel therapeutic approach

to pulmonary fibrosis, for which no pharmaceutical agents are currently available.

Pulmonary fibrosis comprises a group of interstitial disorders
of the lung parenchyma'®. Idiopathic pulmonary fibrosis
(IPF) is the most common form of the disorder and is charac-
terized by progressive development of alveolar inflamnmation,
fibroblast proliferation and collagen deposition. IPF is clini-
cally manifested as increased lung elasticity, restrictive venti-
lation impairment and respiratory failure'. Although IPF is a
progressive and fatal disease, no useful drugs are currently
available for its treatment. Current medical intervention for
IPF is either lung transplantation or supportive treatment,
such as oxygen therapy. Although the molecular mechanisms
underlying development of IPF remains to be elucidated, po-
tential mechanisms might be the infiltration of inflammatory
cells to the lungs, and the generation of pro-inflammatory
and proliferative mediators, leading to fibroblast prolifera-
tion and accumulation of extracellular collagen®?
Platelet-activating factor (PAF) and metabolites of arachi-
donic acid might be involved in pathogenesis of pulmonary
fibrosis, although little attention has been paid to these me-
diators. PAF is a pro-inflammatory phospholipid mediator
that has various biological effects including cell proliferation
and the production of cytokines and eicosanoids via activa-
tion of the G protein~coupled PAF receptor (PAFR)*",
Thrombozxanes (Txs) and leukotrienes (LTs) are potent media-
tors generated from arachidonic acid by cyclooxygenase and
5-lipoxygenase, respectively. TxA; may induce lung inflam-
mation, whereas LTB4 is a potent neutrophil chemoattrac-
tant. Cysteinyl LTs (LTC,, LTD4 and LTE4) are among the
most important mediators in inflammatory lung diseases. A
crucial enzyme for generation of these pro-inflammatory me-
diators, including eicosanoids and PAF, is phospholipase A,.
In particular, cytosolic phospholipase A, (cPLAj) is a key
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player, as it is activated by submicromolar concentration of
Ca™ and by phosphorylation by mitogen-activated protein ki-
nases'®?,

Our aim was to elucidate the role of cPLA; in the experi-
mental model of pulmonary fibrosis induced by bleomycin.
To perform this study, we used mutant mice lacking the gene
encoding cPLA, (ref. 23; also known as Pla2g4a) and their
wild-type littermates as controls.

Pulmonary fibrosis induced by bleomycin administration

Fig. 1 demonstrates the lung elasticity in bleomycin and
saline-treated groups (n = 4-6). In the bleomycin-treated
wild-type group, the value of lung-elastance (EL) was signifi-
cantly greater than those in the other groups, whereas there
was a no difference in EL values among bleomycin-treated
cPLA,-null group and saline-treated groups. In terms of alter-
ations in lung parenchyma, physiological data suggest that
bleomycin-induced responses in cPLAy-null mice were signifi-
cantly reduced compared with their wild-type controls.

We assessed collagen content of the lungs by measuring hy-
droxyproline-content values. Values in bleomycin-treated
wild-type group were significantly greater than those in
bleomycin-treated cPLAy-null group (83.6 + 4.4 and 56.0+ 3.0
ug per left lung; n = 6, respectively; P < 0.05), indicating that
bleomycin-induced collagen synthésis in cPLA,-null mice was
significantly attenuated compared with bleomycin-treated
wild-type group. There was no difference in hydroxyproline
content among bleomycin-treated cPLAj-null group and
saline-treated groups.

Histopathological assessment of pulmonary fibrosis
Fig. 2 shows lung histology 14 days after bleomycin or saline
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Fig. 1 Physiological roles of cPLA, in IPF induced by bleomycin treat-
ment. Responses in EL 14 d after the administration of bleomycin (&) or
saline (O) in the wild-type (+/+) or cPLA,-null (-/-)mice (n = 4-6).
*, P < 0.001 versus saline-treated; *, P < 0.001 versus bleomycin-treated
wild-type group.

administration. Bleomycin treatment elicited alveolar thick-
ening and subpleural fibrous foci in wild-type mice. In cPLA,-
null mice, histological changes including alveolar thickening
and fibrosis were minimal. We performed further histopatho-
logical evaluation of pulmonary fibrosis using an established
scoring method®. There was a significant difference in the
scores of fibrotic lesions between bleomycin-treated wild-
type and cPLA,-null mice (Fig. 3).

Bleomycin-induced inflammation

In the wild-type group, bleomycin administration increased
protein content and the numbers of macrophages, polymor-
phonuclear leukocytes (PMNs) and lymphocytes in bron-
choalveolar lavage fluid (BALF), indicating bleomycin-
induced protein leakage and leukocyte infiltration (Table 1
and Fig. 4). The protein leakage was significantly attenuated
in cPLA;-null mice, which had lesser macrophage, PMN and
lymphocyte sequestration compared with the control mice
(Fig. 4).

Thromboxane and leukotriene content

To assess the biosynthesis of cPLA, products, we performed
BALF assays of TxA; (measured as TxB;), LTB4 and LTC4/D4/E,.
Table 1 summarizes the results of BALF TxB,, LTB; and
LTC4/Dy/E4 assays in each experimental group. Each eicosanoid
level in bleomycin-treated wild-type mice was significantly
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greater than that in any other group, whereas any eicosanoid
measured in similarly treated cPLA,-null mice was reduced to
the same level as the saline-treated groups. Bleomycin adminis-
tration increased TxB,, LTB4 and LTC4/D4/E4 levels in BALF,
whereas the levels of these eicosanoids were significantly re-
duced in cPLA,-null mice.

Relative contribution 6f downstream cPLA, mediator, PAF

To assess the relative contribution of downstream mediators
of cPLA;, we examined the role of PAF in bleomycin-induced
pulmonary fibrosis using mutant mice lacking the gene en-
coding the PAF receptor (Pafr’ mice)'” and their wild-type lit-
termates as controls. The disruption of Pajfr reduced the score
of fibrotic lesions, although there was a marked difference be-
tween bleomycin-treated Pafi’- mice and saline-treated
groups (Table 2). However, there was no significant difference
in either EL or hydroxyproline content between bleomycin-
treated wild-type and Pafr’ mice.

Discussion

Our results suggest that cPLA; has a pivotal role in the patho-
genesis of pulmonary fibrosis. Disruption of the gene encod-
ing cPLA, significantly attenuated pulmonary fibrosis and
inflammation induced by bleomycin. These observations in-
dicate that cPLA; may be involved in pulmonary fibrosis by
mediating overproduction of inflammatory mediators includ-
ing Txs and LTs.

The fibrotic lung disorders such as IPF are characterized by
chronic lung parenchymal injury and inflammation, that is,
alveolitis"?. The inflammation of pulmonary fibrosis is associ-
ated with infiltration of leukocytes including macrophages,
lymphocytes and neutrophils. It is thought that these inflam-
matory cells might generate and release chemical mediators,
leading to proliferation of mesenchymal cells and deposition
of extracellular matrix protein. This pathologic process is as-
sociated with clinical findings including reduced vital capac-
ity and impaired gas exchange!. In investigating the
pathogenesis of pulmonary fibrosis, the efficacy of the phar-
macological approach is limited as the progression of fibrotic
disorders is a chronic and continuous process. We therefore
used a mutant mouse model to examine whether cPLA,
would mediate development of IPF.

In bleomycin-treated wild-type mice, we observed increases
in EL, pulmonary fibrosis, protein leakage and infiltration of
inflammatory cells including macrophages, lymphocytes and

Table 1 Physiological and biochemical data after saline or bleomycin treatment

Mouse type/

Treatment EL BALF total protein BALF total cell counts BALF total TxB, BALF total LTB, BALF total
(cmH,0/ml) (mg) (x10% (ng) (ng) LTC,/Dy/Es ()

Wild type

Saline 14.5+£0.2 0.122 +0.006 9.9+0.8 0.011 £ 0.011 0.000 + 0.000 1.103 £0.144

cPLA,-null

Saline 15.4+0.8 0.129 £0.011 8.5+0.8 0.000 £ 0.000 0.000 £ 0.000 0.281 £ 0.169

Wild type

Bleomycin 33.0£3.0* 0.703 +0.142¢ 63.1+6.1* 0.077 £ 0.018* 0.026 + 0.005* 23.400 + 5.201*

cPLA,-null

Bleomycin 20,0 £1.1¥ 0.224 +0.073* 23.4+1.3% 0.015 £ 0.009* 0.000 + 0.000° 1.838 + 0.643"

Data collected 7 d after treatment. !, P < 0.05; *, P < 0.01 versus saline-treated groups; *, P < 0.07 versus bleomycin-treated wild-type group (n = 4-7).
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neutrophils. Consistently, increases in Txs and LTs were
found in the BAL fluid of bleomycin-treated wild-type mice.
These observations were markedly attenuated by cPLA, gene
disruption, suggesting that cPLA, could mediate the process
of lung fibrotic disorder via the production of pro-inflanma-
tory mediators. Moreover, cPLA, products are related to infil-
tration of various leukocytes, which may lead to the fibrotic
disorder. Indeed, increases in leukocytes, especially PMNs,
are found in BAL fluid of patients with IPF (ref. 1). It has been
reported that lung homogenates from IPE patients contain
much higher levels of LTB, and LTC4 compared with non-
fibrotic controls®. LTB4 is an important mediator of neu-
trophil-mediated inflaramation including lung injury®-2s, It
is possible that not only PMN, but also macrophages and lym-
phocytes, may be necessary to induce the bleomycin-induced
lung inflammation. The cPLAj-initiated pathways may medi-
ate both infiltration and activation of these leukocytes trig-
gered by bleomycin, resulting in pulmonary fibrosis. Our
results suggest that cPLA; has a dominant role'in leukocyte
sequestration, and potential interaction between mediators
such as PAF and eicosanoids may further upregulate the de-
velopment of fibrotic process.

To investigate the relative contribution of downstream
pathways of cPLA, mediators, we investigated the role of PAF
in bleomycin-induced fibrosis using mutant mice established
in our laboratory’. We observed that the disruption of the
PAF receptor modestly attenuated the histopathological
changes induced by bleomycin, although we found no signif-
icant differences in physiological data or collagen content be-
tween bleomycin-treated mutant mice and controls. These
findings suggest that PAF may be potentially involved in the
development of bleomycin-induced pulmonary fibrosis.
However, the relative contribution of PAF is only partial and
limited when compared with the crucial role of cPLA;. We
therefore suggest that other downstream mediators of cCPLAj,
that is, eicosanoids produced by cyclooxygenase and/or
lipoxygenase, may also contribute to the development of
bleomycin-induced pulmonary fibrosis.

Here we measured TxB,, LTB,; and cysteinyl LTs (LTC,,
LTD,4 and LTEy) in BALF to confirm the generation of cPLA,
products. We observed significant increases in each
eicosanoid in the model of bleomycin-induced pulmonary fi-
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Fig.2 Photomicrograph of lung tissues from wild-type and
cPLA,-null mice 14 d after bleomycin administration. g—d, In
wild-type mice, there was marked accumulation of neu-
trophils and collagen (a and ¢), while there were little histo-
logical changes in cPLAnull (b and d). o and b, H&E stain;
cand d, Masson’s trichrome stain. Scale bar, 50 pm.

brosis, but the LTC,/D4/E, levels were much
higher than the other eicosanoids. As there is
abundant cysteinyl LT receptors in the lung?,
the coupling of these cysteinyl LTs and recep-
tors may induce inflammatory process includ-
ing increased permeability and leukocyte
infiltration in the lung®. Our findings suggest
that the cysteinyl LTs might have an impor-
tant role in the development of pulmonary fi-
brosis.

Recent studies have shown that cPLA, may
be involved in the pathogenesis of various in-
flammatory diseases including bronchial asthma and adult
respiratory distress syndrome (ARDS)?*. Although there are
extreme differences in clinical features between ARDS and
IPF, both diseases are fatal disorders with no useful drug ther-
apies. Whereas no effective cPLA, inhibitors are available,
cPLA, might be a potential target to intervene development
of pulmonary fibrosis as well as acute lung injury.

Bleomycin is an antibiotic agent with antitumor activity
and commonly used to treat various types of tumors®. It has
been reported that bleomycin is an essential component of
combination chemotherapy in patients with germ-cell tu-
mors®, The most important and severe side effects of
bleomycin are pulmonary injuries including bleomycin-in-
duced pulmonary fibrosis*®. In terms of both clinical and
pathological features, bleomycin-induced pulmonary fibrosis
resembles IPF. Histologically, bleomycin-induced pulmonary
fibrosis is associated with infiltration of inflammatory cells
into alveoli, focal collagen depositions and fibrotic lesions?,
Recent studies have shown that bleomycin stimulates cy-
tokine secretion by alveolar macrophage or fibroblast prolif-
eration in human cells®®*®, However, the exact mechanism
underlying the development of bleomycin-induced pul-
monary fibrosis also remains to be elucidated.

Notably, although disruption of the gene encoding cPLA;
attenuated bleomycin-induced lung injury, it did not com-

Score

e —f=

Fig. 3 Histopathological roles of cPLA, in pulmonary fibrosis induced by
bleomycin treatment. Using a scoring method?, quantitative assessment
was performed 7 d after the administration of bleomycin (&) or saline
(0) in the wild-type (+/+) or cPLA-null (~/-) mice (n=4-6). *, P < 0.001
versus saline-treated; *, P < 0.007 versus bleomycin-treated wild-type
group.
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pletely abolish the pathology. Indeed, we found a significant
difference in histopathologic scores of fibrosis between
bleomycin-treated cPLA -null mice and saline-treated con-
trols. This observation indicates that factors-other than cPLA,
should also be involved in the process of pulmonary fibrosis.
It has been postulated that oxygen radicals, adhesion mole-
cules, plasminogen-activator inhibitor and cytokines are also
involved in this mechanism'®. Because no pharmacological
agents are available to treat pulmonary fibrosis and increase
survival rates, these factors are also potential targets to de-
velop agents. Our data suggest that the intervention of cPLA,
may also be a promising tool to improve management of pul-
monary fibrosis.

In summary, the disruption of cPLA, significantly attenu-
ated lung inflammation and fibrosis induced by bleomycin
treatment. ¢PLA,; pathways might be involved in the patho-
genesis of pulmonary fibrosis caused by bleomycin, and inhi-
bition of these pathways may provide a novel and potential
therapeutic approach to pulmonary fibrosis.

Methods :

Mice. cPLA;-null mice were established by gene targeting®. Mice het-
erozygous for cPLA; mutant aliele with the genetic background of the
C57BL/6] x 129/Ola hybrid were mated. Pafi’~ mice were also estab-
lished as reported'**. Offspring were genotyped at 4 wk of age, For
genotyping, genomic DNAs were isolated from biopsied tail and sub-
jected to PCR amplification®. The animals were maintained on a
light/dark cycle with light from 7:00 to 20:00 at 25 °C. Mice were fed
with a standard laboratory diet and water ad libitum. Mutant homozy-
gous mice and their littermate homozygous controls were used in this
study. All animal experiments were approved by the University of Tokya
Ethics Committee for Animal Experiments.

Table 2 Roles of PAF in bleomycin-induced pulmonary fibrosis

Mouse type/

Treatment EL Hydroxyproline value Score of fibrotic
(cm H,O/mi) (ng/left lung) lesions

Wild type

Saline 14.8+1.1 43.2+£3.3 0.0+£0.0

Pafr'-

Saline 14,1111 43.0+3.7 0.0x0.0

Wild type

Bleomycin  32.5+2.2*% 82.0+7.2¢ 2.8+0.2*

Pafr

Bleomycin 26.9+2.3% 59.84£12.1 2.0+ 0,0%

T, P <0.05; *, P < 0.001 versus saline-treated groups; *, P < 0.05 versus bleomycin-
treated wild-type group (n = 4-5).
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Fig. 4 Roles of cPLA, in leukocyte infiltration associated with pulmonary fi-
brosis induced by bleomycin treatment. a~¢, The numbers of macrophages
(@), PMNs (b) and lymphocytes (¢) in BALF are shown. BAL was performed
7 d after the administration of bleomycin (B) or saline (0) in the wild-type
(+/+) or cPLA,-null (=/-) mice (n=4-7). %, P < 0.07 versus saline-treated; ¥,
P < 0.01 versus bleomycin-treated wild-type group.

Experimental pulmonary fibrosis induced by bleomycin administra-
tion. Mice were anesthetized with ketamine and tracheostomized.
Then, 1.5 ml/kg solution containing bleomycin (5 mg/kg, Nippon
Kayaku, Tokyo, Japan) was intratracheally administered. Control ani-
mals were treated with saline instead of bleomycin in the same manner.
These procedures were performed in a sterile environment. To assess
the development of pulmonary fibrosis physiologically, EL (a reciprocal
of lung compliance) was measured 7 or 14 d after bleomycin or saline
administration as described®, Briefly, we measured the tracheal pres-
sure (Ptr), flow and volume (V). EL and lung resistance (RL, data not
shown) were calculated by adjusting the equation of motion: Ptr = EL
(V) + RL (dV/dt) + K, where K was a constant. Values in EL reflect lung
parenchymal alterations and stiffening of the lungs.

Assessment of collagen synthesis. To assess collagen synthesis, a
hydroxyproline assay was performed. Mice were anesthetized and the
lungs were removed 14 d after bleomycin or saline treatment. The left
lung was then excised and hydroxyproline content was measured as re-
ported?®.

Histopathological assessment of pulmonary fibrosis. The right lung
of each animal was excised 14 d after bleomycin or saline treatment.
Following fixation, the tissue blocks obtained from midsagittal slices of
the lungs were embedded in paraffin. The slices were stained with H&E
or with Masson’s trichrome stain. Histopathological evaluation of pul-
monary fibrosis was performed using a scoring method as described?
Briefly, the scores of fibrotic lesions were defined as follows: 0, absence
of lesion; 1, occasional small localized subpleural foci; 2, thickening of
interalveolar septa and subpleural foci; 3, thickened confinuous sub-
pleural fibrosis and interalveolar septa.

Bronchoalveolar lavage fluid. 7 d after bleomycin or saline treatment,
bronchoalveolar lavage (BAL) was performed (1 mi PBS x 5). {n each an-
imal, 90% (4.5 ml) of the total injected volume was consistently recov-
ered. After BAL fluid was centrifuged at 450g for 10 min, the total and
differential cell counts of the BAL fluid were determined from the cell
fraction. The supernatant was used for protein determination by
Lowry’s method using BSA as a standard.

Thromboxane and leukotriene assay. TxA; (measured as TxBp), LTBy
and LTC,4/D4/E4 in the BAL fluid were determined by using enzymeim-
munoassay (EIA) kits (Amersham Pharmacia Biotech, Piscataway, New
Jersey). The detection limits of the EIA assays for TxBy, LTB4 and
LTC4/D4/E4 were 3.6, 6 and 10 pg/mi, respectively.

Data analysis. Comparisons of data among each experimental group were
carried out with analysis of variance (Scheffé test). Data are expressed as
means £ s.e. P values less than 0.05 were considered significant.
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Airway Hyperrespo_hsiveness in Transgenic Mice
Overexpressing Platelet Activating Factor Receptor Is
Mediated by an Atropine-Sensitive Pathway

TAKAHIDE NAGASE, SATOSHI ISHIl, HIDEO SHINDOU, YASUYOSHI OUCHI, and TAKAO SHIMIZU

Departments of Geriatric Medicine and Biochemistry and Molecular Biology, Graduate School of Medicine, University of Tokyo, Tokyo, Japan

Platelet activating factor (PAF) is a potent mediator potentially in-
volved in the pathogenesis of inflammatory disorders, including
bronchial asthma. Recently, transgenic mice overexpressing the
PAF receptor (PAFR) gene have been established, and exhibit
bronchial hyperresponsiveness, one of the cardinal features of
asthma. To elucidate the molecular and pathophysiologic mecha-
nisms underlying PAF-associated bronchial hyperreactivity, we stud-
ied airway responsiveness to methacholine (MCh) and serotonin
(5-hydroxytryptamine; 5-HT) in PAFR-transgenic mice. In addition,
we examined the role of the muscarinic receptor in PAF-induced
responses and the binding activities of the muscarinic receptor.
The PAFR-transgenic mice exhibited hyperresponsiveness to MCh
and PAF; however, no significant differences in 5-HT responsiveness
were chserved between the control and PAFR-transgenic mice. The
administration of atropine significantly blocked PAF-induced re-
sponses in PAFR-transgenic mice. There were no differences be-
tween the two phenotypes in the binding activities of muscarinic
receptor. Morphometric analyses demonstrated that PAFR overex-
pression did not affect airway structure. These findings suggest that
the muscarinic pathway may have a key role in airway hyperre-
sponsiveness associated with PAFR gene overexpression. More
generally, PAFR-transgenic mice may provide appropriate models
for study of the molecular mechanisms underlying PAF-associated
diseases.

Keywords: platelet activating factor; asthma; airway hyperresponsive-
ness; transgenic mouse

Platelet activating factor (PAF) is a proinflammatory phos-
pholipid mediator that has various potent properties. (1-4).
PAF mediates its biologic effects via activation of a G-protein-
coupled, seven transmembrane receptor (1, 3-5). Comple-
mentary DNAs (cDNAs) and genes for the PAF receptor
(PAFR) have been cloned from various species, including
guinea pigs and humans (5-11). To examine the pathophysio-
logic role of PAF in vivo, we have established transgenic mice
ubiquitously overexpressing PAF receptor (12). Recently,
we also established a mutant mouse lacking PAFR, and dem-
onstrated that PAF could be involved in anaphylactic re-
sponses (13).

It has been indicated that PAF plays a substantial role in
the pathogenesis of bronchial asthma (14, 15). Moreover, it
has been demonstrated that the level of expression of PAFR
messenger RNA (mRNA) in the lung is increased in humans
with asthma (16). In asthmatic children, deficiency of plasma
PAF acetylhydrolase is associated with respiratory dysfunc-
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tion (17, 18), and in a mouse model of asthma, recombinant
PAF acetylhydrolase inhibits airway inflammation and hyper-
reactivity (19). Bronchial hyperreactivity, which is a major
characteristic of asthma, is augmented by the administration
of exogenous PAF (20). However, the exact pathophysiologic
roles of PAF in the pathogenesis of bronchial asthma remain
to be elucidated.

In the current study, we investigated the pathophysiologic
mechanisms underlying PAF-associated airway hyperrespon-
siveness (AHR). We studied the airway responsiveness of
PAFR-transgenic mice to methacholine (MCh) and serotonin
(S-hydroxytryptamine; 5-HT). We then examined the involve-
ment of the muscarinic pathway in PAF-induced responses,
and performed binding assays for muscarinic receptor. We
further assessed airway structure, including smooth muscle,
using morphometry.

METHODS
Mice

PAFR-transgenic mice were established as previously described (12).
Mutant mice and their littermate controls were used in this study.

Animal Preparation

Animals were anesthetized with pentobarbital sodium (25 mg/kg, in-
traperitoneally) and ketamine hydrochloride (25 mg/kg, intraperito-
neally) in combination, and were mechanically ventilated with tidal
volumes of 10 ml/kg, respiratory frequencies of 2.5 Hz and a positive
end-expiratory pressure of 2 cm H,0. The thorax was widely opened
by means of a midline sternotomy, but the vagus nerve was not sec-
tioned. Lung resistance (RL) and elastance (EL) were measured as
previously described (21-23).

Airway Responsiveness to 5-HT or MCh

Following baseline measurement, each dose of 5-HT aerosol (0.15 to
10 mg/ml) or MCh aerosol (0.63 to 80 mg/ml) was administered for
1 min in a dose-response manner. As previously reported (22, 23), air-
way responsiveness to 5-HT or MCh was assessed from the concentra-
tion of agonists required to increase R to 200% of baseline values
(ECyp0 RL).

Airway Responsiveness to PAF

Following baseline measurement, each dose of PAF (5 to 20 pg/kg)
was administered intravenously and measurements were made.

Effects of Atropine on PAF-Induced Responses

Two minutes before receiving the intravenous bolus of 10 pg/kg PAF,
mice were intraperitoneally pretreated with either saline or 10 pmolkg
atropine sulfate. After baseline measurements, PAF was administered
via the jugular vein and measurements were made.

Binding Assays for Muscarinic Receptor

From each mouse preparation, five or six whole lungs were obtained
and homogenized together in a X10 volume of binding buffer (25 mM
4-(2-hydroxyethyl)-1-piperazine-N'-2-ethanesulfonic acid [pH 7.4], 0.25 M
sucrose, 10 mM MgCl,) containing a proteinase inhibitor cocktail (Com-
plete; Roche, Mannheim, Germany) and 20 pM amidino phenyl methy]
sulfonyl fluoride (Sigma, St. Louis, MO). After centrifugation (800 X g
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for 20 min at 4° C), the supernatants were further centrifuged at
123,000 X g for 1 h. The pellets were mashed once and recentrifuged
at 140,000 X g for 1 h. The final pellets were resuspended in the same
buffer. The binding assays were done in duplicate in the absence or
presence of 50 nM PAF. The reaction mixture consisted of 150 ul of
the binding buffer containing [N-methyl-*H]scopolamine (2.51 TBq/
mmol), a nonselective muscarinic antagonist, at increasing concentra-
tions of 0.0625 to 2 nM, and 50 .l of the membrane protein (95 p.g).
The mixtures were incubated in a 96-well microplate at 25°C for 1.5 h,
followed by filtration and washing as described previously (24). The
radioactivities of dried filters were determined as reported (24). Non-
specific binding was defined as the binding measured in the presence
of 20 uM methacholine.

Binding Assays for PAFR

The lung membrane was obtained as described previously. Binding
assays for PAFR were performed in the same manner as previously
described, with [PH]-WEB2086, a PAFR-selective antagonist, at increas-
ing concentrations at 3.13 to 100 nM (703 GBg/mmol). Nonspecific
binding was defined as the binding in the presence of 50 pM cold
WEB2086.

Morphometric Study

In four animals from each group, we quantitated airway smooth mus-
cle and lamina propria, using morphometric techniques as previously
reported (25, 26).

Data Analysis

Comparisons of physiologic and morphometric data among the exper-
imental groups were done through analysis of variance (Scheffe’s test)
or Student’s ¢ test. Data are expressed as mean * SE. Values of p <
0.05 were taken as significant.

RESULTS
Airway Responsiveness to 5-HT or MCh Administration

The control and PAFR-transgenic mice showed no significant
differences in baseline EL and Rr. Figure 1 shows 5-HT dose-
response curves for EL in the two groups. There was no differ-
ence in elastic responses to 5-HT. MCh dose-response curves
for EL are shown in Figure 2. Responses in the PAFR-trans-
genic mice were significantly greater than in the control group
at MCh doses of > 2.5 mg/ml.

Responses for Rr are summarized in Figure 3. As shown,
there were no differences between the two groups in 5-HT re-
sponsiveness. However, airway responsiveness to MCh in
PAFR-transgenic mice was significantly greater than in con-
trol mice (logECyg0 RL = 0.950 = 0.076 versus 1.462 = 0.039,
p < 0.001).

Airway Responsiveness to PAF

Following the administration of 20 ng/kg PAF to five PAFR-
transgenic mice, two animals died immediately from cardiac
arrest, whereas no animals died in the other groups. Re-
sponses for EL and Rr are shown in Figure 4. After adminis-
tration of each dose of PAF (5 to 20 pg/kg), significant differ-
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ences in pulmonary responses were observed between the
control and PAFR-transgenic mice, and the effects of PAF
were enhanced at higher doses in the PAFR-transgenic group.

Effects of Atropine on PAF-Induced Pulmonary Responses

Effects of atropine on PAF-induced pulmonary responses are
demonstrated in Figure 5. As shown, the control mice exhib-
ited no responses to 10 pg/kg PAF after either saline or atro-
pine pretreatment. In the PAFR-transgenic mice pretreated
with saline, PAF administration induced increases in RL and
EL. Pretreatment with atropine significantly inhibited PAF-
induced responses in the PAFR-transgenic mice.

Binding Assays for Muscarinic Receptor and PAFR

Results of binding assays for muscarinic receptor are summa-
rized in Table 1. In either the absence or presence of PAF, there
were no differences between the control and PAFR-transgenic
mice in dissociation constant (Kd) or binding maximum (Bmax)
values for [N-methyl-*H]scopolamine, a nonselective muscar-
inic antagonist, suggesting that the binding activities for mus-
carinic receptors in the PAFR-transgenic lungs were similar to
those in the controls.

As shown in Figure 6, the binding activities for PAFR in
the PAFR-transgenic lungs were markedly greater than in the
control lungs.

Morphometric Study

Table 2 summarizes the morphometric data for airway size
and roundness. There were no significant differences between
the PAFR and control mice in number of airways, airway size,
or airway roundness, indicating that there were no significant
biases between the experimental groups in terms of airway se-
lection.

As shown in Figure 7, there were no significant differences
between the PAFR and control groups in thickness of the lam-
ina propria or airway smooth muscle. In addition, no signifi-
cant difference in inner wall area was observed between the
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Figure 3. Airway responsiveness expressed as the concentration of ag-
onists required to double lung resistance (EC,gp RL). *p < 0.007 com-
pared with control mice. 5-HT = serotonin; MCh = methacholine.



