previously (21), on the other hand, could be the key to
cxocy‘(osls at the abluminal side. The importance of
Ca®" signaling for exocytosis has been studied in detail
for nerve cells (34) and has also been shown in
astrocytes (35) and adrenal chromaffin cells (36).
There has been speculation that it might be a more
general mechanism also found in endothelial cells (14,
37), and our results contribute to and support this
hypothesis.

In summary, our studies provide evidence for CysLT-
mediated vascular permeability alterations exclusively
wma CysLT,R by means of transcellular endothelial
vesicle transport, which is likely mediated by oscillatory
Ca®" signaling. Understanding and controlling this
vascular hyperpermeability response is likely to be of
importance for managing the clinical response to vas-
cular injury and perhaps for preventing post-traumatic
injury edema formation. However, since there are some
differences in CysLT;R expression patterns between
mice and humans (13, 38, 39), caution will have to be
exercised before translating this work to human vascu-
lar disorders.
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Am J Physiol Cell Physiol 292: C2141-C2149, 2007. First published
January 10, 2007; doi:10.1152/ajpcell 00295.2006.—Defensins com-
prise a family of cationic antimicrobial peptides characterized by
conserved cysteine residues. They are produced in various organs
including skeletal muscle and are identified as key elements in the
host defense system as potent effectors. At the same time, defensins
have potential roles in the regulation of inflammation and, further-
more, can exerl cytotoxic effects on several mammalian cells. Here,
we developed transgenic mice overexpressing mouse B-defensin-6 to
explore the pathophysiological roles of the defensin family as a novel
mediator of inflammatory tissue injury. Unexpectedly, the transgenic
mice showed short lifespan, poor growth, and progressive myofiber
degeneration with functional muscle impairment, predominant cen-
tronucleated myofibers, and elevated serum creatine kinase activity, as
seen in human muscular dystrophy. Furthermore, some of the trans-
genic myofibers showed IxBa accumulation, which would be related
to the myofiber apoptosis of limb-girdle muscular dystrophy type 2A.
The present findings may unravel a concealed linkage between the
innate immune system and the pathophysiology of degenerative dis-
eases.

muscular dystrophy, innate immunity, NF-«B

ANTIMICROBIAL PEPTIDES have emerged as a part of the host
defense mechanism in animals and plants (16, 29). Defensins
comprise a family of mammalian cationic antimicrobial pep-
tides, and a-, B-, and 8-defensin subfamily members exist that
conserve three specific disulfide pairings. They are produced
by leukocytes and various types of epithelial cells constitu-
tively or in response to microbial signals and inflammatory
cytokines (4, 9, 10, 14, 15).

While the immune response is indispensable for the survival
of humans, the chronic inflammatory response is harmful and
leads to various common disorders. In addition to the potent
antimicrobial effects, defensins could act on diverse immune
cells and epithelial cells through CCR6, Toll-like receptor-4
(TLR4), or other mechanisms, regulating the whole immune
response (3, 23, 26, 37, 40, 41). Furthermore, they exert cylo-
toxic effects on mammalian cells themselves (18). a-Defensin
causes cell lysis of variable cultured cells through the perme-

abilization of cell membrane (19) and subsequent DNA injury
(11, 18). Although little information had been reported regard-
ing B-defensin cytotoxicity (21, 23), treatment of mouse blas-
tocysts with human B-defensin-2 (hBD-2) led to their degen-
eration and death (28). So some participation of the defensin
family would be likely in the pathogenic immune response of
various diseases (32).

Recently, we identified mouse B-defensin-6 (mBD-6), a
B-defensin subfamily member expressed in skeletal muscle
(39). mBD-6 expression was also augmented by bacterial
endotoxin, perhaps under the regulation of the NF-xB pathway
like hBD-2 and mouse B-defensin-3 (3). To explore the novel
effects of this molecule, we generated transgenic mice over-
expressing mBD-6 constitutively. Here, we show that the
dysregulated B-defensin expression resulted in extensive myo-
fiber degeneration, reminiscent of human muscular dystrophy.

Muscular dystrophy is an inherited disorder characterized by
progressive muscle degeneration. The most common form,
Duchenne muscular dystrophy, is caused by mutations in the
dystrophin gene, and other causative molecules like dystrogly-
can and sarcoglycan organize dystrophin-glycoprotein com-
plex binding to laminin (6, 17, 30). Another form of mus-
cular dystrophy, limb-girdle muscular dystrophy type 2A
(LGMD2A), has proved to be due to the defects of calpain-3,
a proteolytic enzyme (24, 31, 35). While the identification of
responsible genes for muscular dystrophy has improved, the
pathogenic mechanisms are not clear enough to date. Multiple
factors, including immune response, are related to the patho-
physiology of muscular dystrophy (33). The present finding
may give a clue to the novel involvement of innate immunity
in degenerative diseases like muscular dystrophy.

MATERIALS AND METHODS

Generation of transgenic mouse. The transgene was constructed by
inserting the mBD-6 ¢cDNA 3' downstream of the chicken p-actin
promoter in the pCAGGS plasmid (a gift from J. Miyazaki) (22). The
excised transgene was microinjected into fertilized C57BL6/T mouse
oocytes. The genomic DNA was isolated from the mice tail and
analyzed by Southern blotting and/or PCR. On Southern blot analysis,
the genomic DNA was digested with Bglll, resolved on 1.0% agarose
gel, and transferred to the membrane. A 250-bp fragment containing
the second exon of mBD-6 was labeled by [*?P}dCTP using a random
primed DNA labeling kit (Roche). The labeled probe was hybrid-
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1zed to the membrane using ExpresHyb (Clontech). PCR was per-
formed using the primers spanning mBD-6 cDNA (forward primer,
5'-GGTTATTGTGCTGTCTCATC-3', reverse primer, S-ATTTGT-
GAGCCAGGGCATTG-3"). The PCR condition was 94°C for 40 s,
60°C for 30 s, and 72°C for 60 s, carried out for 35 cycles. The one
hine, TetCAG-mBD®6)]1 mice, was maintained on ICR mice, and the
other line, Tg(CAG-mBD6)2 mice, was maintained on CSTBL&/)
mice. The immunohistochemical analysis was performed on Tg(CAG-
mBD#6)1 mice after they were backcrossed to the C57BL6/) strain.
Anmimal care and use in our laboratory were in strict accordance with
the guidelines for ammal and recombinant DNA experiments put forth
by Kumamoto University and The University of Tokyo. The experi-
ment was approved by the Committee for Animal Resources in
Kumamoto University and by the University of Tokyo

RT-PCR. Towal RNA was isolated from the skeletal muscle using
ISOGEN (Nippon gene). Five micrograms of each sample were
reverse-transcribed using Superscriptll (Gibco-BRL). To detect the
expression of ransgene, we designed a forward pnmer from the
mBD-6 first exon (5'-ACCATGAAGATCCATTACCTG-3") and a
reverse primer [rom the rabbit B-globin (5'-ATTTGTGAGC-
CAGGGCATTG-3'), and we performed a real-time PCR reaction
using the Fluorescent Quantitative Detection System Version 3.02
(LineGene)

Antiserum preparanion. The putative mature peptide composed of
the COOH-terminal 40 amino acids of mBD-6 was chemically syn-
thesized at the Pepude Institme (Minoh, Japan), as previously de-
seribed (39). The anti-mBD-6 rabbit serum was prepared at (he
Peptide Institute using this synthetic mBD-6 peptide, conjugated 1o
keyhole limpet hemocyanin, and injected into rabbits

Isolation of mBD-6 pepride. We followed the procedure described
by Valore et al (36). Frozen skeletal muscle was homogenized in
ISOGEN (Nippon gene). and the protein was extracted according to
the manufacturer’s protocol. Protein pellets were incubated overnight
in 5% acetic acid at 4°C, and the dissolved proteins were neutralized
with 10% NHi These protein solutions were separated on Tris-
glycine SDS-PAGE and uansferred onto polyvinylidene difiuoride
membrane. The membrane was probed with anti-mBD-6 rabbit serum,
lollowed by a peroxidase-conjugated anti-rabbit IgG antibody (ICN),
and visualized using the Enhanced Chemiluminescence Plus System
{Amersham Pharmacia Biotech)

Evaluation of muscle strength. We evaluated muscle strength by
measuring the time during which mice could hang down from a
stainless steel lartice. The procedure was repeated twice for each
mouse, and the better record was indicated

Evans blue dye staining and measurement of serum creatine kinase
activiryy We performed the intraperitoneal injection of 10 mg/ml
Evans blue dye solution of phosphate-buffered saline (PBS) (0.1
mi/10 g body wt) on 2-mo-old Tgl mice and wild-type mice. The
skeletal muscle samples were removed 16 h after the injection. The
frozen 10-pum sections were fixed in acetone for | min and observed
under a fluorescence microscope. Serum creatine kinase (CK) activity
was measured at SRL (Tachikawa, Japan), a commercial laboratory

Tissue preparanon and immunohisiochemisiry. Skeletal muscle
samples were removed and frozen in isopentane chilled in liguid
nitrogen. The frozen 10-pwm sections were processed for hematoxylin
and eosin staining or immunohistochemical analysis For the immu-
nohistochemistry, the sections were fixed in acetone for 5 min and
probed with the following primary antibodies: anti-dystrophin for
COOH terminus (C-20) (Santa Cruz), anti-a-dystroglycan for internal
core part (E-21) (Sama Cruz), anti-laminin-a2 chain (LSL), anti
neural cell adhesion molecule (Chemicon), anti-lkBa (Santa Cruz),
anti-cleaved-caspase-3 (Trevigen), and anti-calpain-3 antibody (a gift
from H. Sonmachi)

Statistics. Companson of the body weights or serum CK activity
was made with Student's r-test. Values of P < (.05 were considered
significant

B-DEFENSIN-INDUCED MUSCLE DEGENERATION

RESLULTS

Generation of transgenic mice overexpressing mBD-6, To
achieve broad and high expression of mBD-6, a cDNA frag-
ment encoding mBD-6 was connected to the 3'-end of the
chicken B-actin promoter flanked with a cylomegalovirus im-
mediate-early enhancer (Fig. 14). While six founder transgenic
mice were identified using PCR and Southern blot analysis, the
transgene was transmitted to germline in two lines. On South-
ern blot analysis, the one line, Tg(CAG-mBD6)1, was esti
mated to harbor several copies of the transgenes because of
multiple extra bands, including a 2.0-kb DNA fragmen corre-
sponding 1o the full-length transgene size, while the wildtype
genomic DNA showed two copies of the 1.4-kb intrinsic
mBD-6 gene and a more faint 3.2-kb band perhaps composed

A

chicken

p-actin Rabbit
mBD-6 p-globin
CMV IE ote
enhancer prorrl.xo:‘ 1 intron CDNA Poly (A)
21 kb —og
Bgl 1l
C transgene/G3PDH mRNA
ETY R
4.3 kb
34kb 00
3.2 kb
2 M
1.4 kb 10,0
s0f
0.0
WT Tg1Tg2 WT Tg1 Tg2
D
Synthetic wT Tg1 Tg2
(280 ng)

Fig | Mouse B-defensin-6 (mBD-6)} tansgene expression. A. schematic
description of the mBD-6 transgene fragment used 1o generate transgenic mice
A human cn lovirus i diate-carly (CMV-IE) enhancer is linked to
the chicken B actin promoter, followed by its first exon and intron. In addition,
& rabbit B-globin poly (A) sequence is located downsiream from the mBD-6
cDNA. Black bar indicates probe of second exon of mBD-6 for Southem blot
analysis in 8 Arrows indicate the primers for RT-PCR of mBD-6 transgene
B: Southern blot analysis of the Bglll-digested genomic DNA from
T(CAGmBD6)] mice (Tgl) and Tg(CAGmBDE)2 muce (Tg2). Wildtype
genomic DNA showed two copies of the | 4-kb intrinsic mBD-6 gene, and the
mare faint 3.2-kb band is perhaps composed of the mBD-6 pseudogene Tgl
showed multiple extra bands, including a 2.1-kB DNA fragment corresponding
to the full-length transgene size, while Tg2 showed a single 3.4-kb extra band
C RT-PCR of mBD-6 transgene mRNA  The transgene-specific RT-PCR
indicated transgene expression in skeletal muscle of Tgl and Tg2 G3PDH
glyceraldehyde-3-phosphate  dehydrogenase [ Western blot analysis of
mBD-6 peptide extracted from skeletal muscle; 280 ng of synthetic mBD-6
peptide composed of 40 NH;-terminal residues were used as standard. mBD-6
peptide was detected in the extracts from Tgl and Tg2 skeletal muscle but not
from the wild-type mice (WT)
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B-DEFENSIN-INDUCED MUSCLE DEGENERATION

of the mBD-6 pseudogene. The other line, Tg(CAG-mBD6)2,
was eslimated 1o harbor a single copy because of the single
3.4-kb extra band (Fig. 1B). Tg(CAG-mBD6)1 and Tg(CAG-
mBD6)2 mice will be referred 1o as Tgl mice and Tg2 mice,
respectively

In both lines, transgene expression was detected in the
skeletal muscle by RT-PCR using the primers from mBD-6
c¢DNA and rabbit B-globin cDNA (Fig. 1, A and 8). Tgl mice
showed 3.4 times higher expression of the transgene than Tg2
mice. Western blot analysis could detect mBD-6 peptide in the
extracts from Tgl and Tg2 skeletal muscle, and the expression
level was also low in Tg2 mice (Fig. 1C). In wild-type mice,
the mBD-6 signal was not detected by Western blot analysis
under the same experimental condition. Immunohistochemical
analysis of the mBD-6 peptide showed the mBD-6 peptide
stored in the cyloplasmic granules in some skeletal muscle
myofibers of Tgl mice.

Te(CAG-mBD6) mice develop muscle degeneration. At
birth, Tgl and Tg2 mice were indistinguishable from their
wild-type littermates. By 6 wk of age, poor growth of Tg] mice
became evident, and at 8 wk of age, both the male and female
body weights of Tgl mice were significantly lower than those
of their wild-type littermates (P < 0.01) (Fig. 24). The mean
body weight of Tgl mice was ~80% that of their wildtype
litermates. They showed contracted stiff limbs and progressive
kyphosis by 6 mo of age (Fig. 2B). Most of Tgl mice died
before 11 mo of age. The short lifespan of Tgl mice was more
evident after they were backcrossed to the C57BL6/J strain.
Many of the Tgl mice died before 8 mo, and no mice
backcrossed to the CS7TBL6/J strain lived for >1 yr. We could
not clarify the specific cause of Tgl mouse death except severe
loss of body weight. Although the other transgenic line, Tg2,
did not reveal so prominently poor growth or kyphosis,
6-mo-old Tg2 male mice also showed significantly lower
body weights than wild-type littermates. Tg2 mice lived for

>12 mo.

Regarding the decreased body weight, we evaluated the food
intake of 5-wk-old Tgl mice. The food intake of Tgl mice was
3.31 % 0.12 g/day, which was significantly lower than the food
intake of the wild-type littlermates, which was 4.00 = 0.29
g/day (P < 0.05).

Because progressive kyphosis is a prominent feature caused
by functional impairment of skeletal muscle, we evaluated the
muscle strength of Tgl mice by hanging them from a stainless
steel lattice. Two-month-old Tgl mice dropped in a signifi-
cantly shorter time from the lattice, indicating muscle weak-
ness in Tgl mice. While most of the wild-type littermates hung
tor >120 s, significantly more Tgl mice dropped before 60 s
(P < 0.01) (Fig. 3)

Hematoxylin and eosin staining of skeleral muscle revealed
degeneralive myofibers, infiltration of mononuclear cells, and
some centronucleated myofibers in 4-wk-old Tgl mice. After 8
wk of age, centronucleated myofibers became much more
predominant, and faintly stained necrotic myofibers, basophilic
regenerating myofibers, and fiber splitting were [requently
encountered. The myofibers also showed prominent differ-
ences in size (Fig. 3). These features were observed in all
skeletal muscles examined, including gastrocnemius muscles,
anterior tibial muscles, soleus muscles, diaphragm, and mus-
cles of the back. Meanwhile, no histological abnormalities
were noted in 20-day-old Tgl mice (Fig. 4). The other trans-

C2143

A Body Body
Weight Weight
g
== P
- 27 = =
2.5 25 |= —
e a5 _;_},__
- 21 i —§—
1= 19 F > &
- e
- 17_E i
-
Tg1 WT Ta1
male female

at 8 weeks of age

g
u -
ah— |
" :
. e——— i —F
30 - — -
28 — -

g = -

WT Tg2 WT Tg2

male female

at 6 months of age at 6 months of age

Fig. 2 Poor growth and progressive kyphosis of Tgl mice. A: companson of
body weights berween Tg and WT mice Each circular point (@) indicates the
measured individual body weight. Mean values (¢) = SD are also shown. Both
the male and female body weights of Tg mice were significantly lower than
those of WT B photograph of 6-mo-old Tgl mouse. Amow indicates kyphosis

genic line, Tg2, revealed no histological abnormalities in
skeletal muscle until ~6 mo of age, However, 1-yr-old Tg2
mice showed a few faintly stained degenerative myofibers in
various muscles, The number of centronucleated myofibers
in I-yr-old Tg2 mice was also significantly increased com
pared with wild-type mice of the same age (2.5 = 0.5 vs.
0.2 = 0.1%).

We measured serum CK activity in 3-mo-old Tg-1 mice and
their wild-type littermates because the measurement of serum
CK activity is used clinically to ascertain muscular damage
Tgl mice showed significantly higher serum CK acuvity than
the wild-type littermates (P < 0.01) (Fig. 5A4). Evans blue dye
labeling also detected more clearly the damaged myofibers,
with increased membrane permeability in Tgl mice and aged
1-yr-old Tg2 mice (Fig. 3B).
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at 2 months of age at 2 months of age

Fig. 3. Evaluauon of muscle strength of Tgl mice We evaluated muscle
strength by measunng the tme during which mice could hang down from a
stainless steel lattice. Graph shows percentage of mice that could hang down
for the indicated ume. While most of the WT linermates hung down for =120
s. many of Tgl mice dropped before 60 s

Evaluation of causative proteins of muscular dystrophy
hese skeletal muscle phenotypes caused by mBD-6 overex-
pression are reminiscent of muscular dystrophies, character-
ized by progressive myofiber degeneration. In mBD-6 trans
genic mice, organization of the dystrophin-glycoprotein com-
plex was not different from that of wild-type littermates on the
immunohistochemistry of dystrophin, a-dystroglycan, and

Fig. 4 Progressive myofiber degeneration of Tgl
mice. Hematoxylin and eosin staining of gastroc
nemius muscles of Tgl mice at the age of 20
days, | mo. and 6 mo. At the age of 1 mo, faintly
stained degenerative myofibers (amow) and cen
tonucleated myofibers appeared in the Tgl
mouse, in contrast to the WT litermate, Arrow-
heads indicate the infiliration of mononuclear
cells. At the age of 6 mo, centronucleated myo
fibers were more predominant, with prominent
difference size Fiber splitting (arrowhead) is
also indicated No histological abnormalitics were
noted at the age of 20 days. Scale bars: 40 um

Tgl, 6 months

ASP-Cell Physial « voi 2

Tgl, 1 month
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B-DEFENSIN-INDUCED MUSCLE DEGENERATION

laminin (Fig. 6). Likewise, the expression of calpain-3 showed
no abnormality in mBD-6 transgenic mice (Fig. 6)

Immunohistochemical abnormalities of the transgenic myo
fibers. To investigate the molecular mechanisms of myofiber
degeneration, we evaluated the conserved immunohistochem
ical features of young Tgl mice and aged Tg2 mice.

In 1-mo-old Tgl mice, many myofibers showed a high level
of expression of neural cell adhesion molecule (NCAM). Also
in Tg2 mice, many NCAM-positive myofibers were detected al
11-12 mo of age, while their wild-type littermates of the same
age showed only a few NCAM-positive myofibers (Fig. 7A)
Although denervated myofibers upregulate NCAM expression,
the number and morphology of motor neurons were not dif-
ferent between the Tgl mice and their wild-type littermates
(Fig. 8). We also examined the distribution of IkBe in Tgl and
Tg2 mice. We detected the accumulation of IkBa in many
myofibers of 1-mo-old Tgl mice and 12-mo-old Tg2 mice
(Fig. 7B), as reported in LGMD2A patients (2). We also
evaluated the apoptotic features of IkBa-positive myofibers in
transgenic mice. In the staining of serial sections, some of the
IkBa-positive myofibers showed the signal of cleaved
caspase-3, the active form of caspase-3, indicating activation of
the apoptotic pathway (Fig. 9)

WT, 1 month

Tel, 20 days
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1. 5. Evaluation of membrane permeability of Tgl skeletal muscle. A: serum
crentine kinase (CK) activity of Tgl mice at the of 3 mo. Tg! mice showed
significantly higher CK activity than WT littermates (P < 0.01), B: after Evans
blue dye imjections, some myofibers of Tgl moce and 1-yr-old Tg2 mice
accurmnulated the dye in cytoplasm, showing increased membrane permeability

Tg2, 1 year

Scale bars: 40 pm

(ther pathological changes and food intake in the mBD-6
OVETEXPTES \I'fJ_J,' mouse. mBD-6 ov Crexpression decreases 1|\|:1}'
weights and increases centronucleated myofibers and degen
erative myofibers in mice. Kyphosis of vertebra, shortness
in height, and slow movement were observed in the mouse
The food intake of Tgl mice was significantly lower than
that of the wild-type littermates. The short lifespan of Tgl
mice was evident, especially after they were backcrossed
to the C5TBL6/] strain. Many Tgl mice died before 8 mo
and no mice backcrossed to the CS7TBL6/) strain lived for

| yr. There was no evidence of cancer in the dead Tgl

mice

DISCUSSION

Our data first demonstrated the pathogenic effects of dys
regulated B-defensin expression in vivo, Western blot analysis
of muscle extracts ascertained the overproduction of mature
mBD-6 peptide in the Tgl and Tg2 mice. The dysregulated
[3-defensin expression induced poor growth, short lifespan, and
functional muscle impairment. Pathologically, the skeletal
muscle of Tgl mice showed progressive degeneration and
regeneration of myofibers, consistent with the histology of
muscular dystrophy. Elevated serum CK activity and positive
Evans blue dye labeling in Tgl mice indicated the disruption of
the myofiber plasma membrane, also consistent with muscular
dystrophy

Despite recent identification of causative genes, the clinical
course of muscular dystrophy 15 miserable lacking an estab-
lished therapy. Although gene therapy could be curative, re
placing the ultimate defect, many obstacles exist to technical
progress. So, presently, important therapy targets are the fac
tors modulating the state of muscle degeneration. Clinically

ant-
dystrophin

anti-
dystroglycan

anti-
laminin

anti-
calpain-3

Tgl WwWT
| analvses of dystrophin, a-dystroglycan, lami
s in Tgl sk | muscle Distribution of these
diffe from WT. Dystrophin is abse

Scale bars: 20 pm
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A ) anti NCAM

Tg2. 12 munth; WT, 12 months

Fig :J Immunchistochemical analyses of neural cell adhesion molecule (NCAM) and IxBa distributions in young Tgl mice and aged Tg2 mice. A' many
myofibers showed a high level of expression of NCAM in 1-mo-old Tg1 mice and 12-mo-old Tg2 mice, in contrast to WT littermates. B: many myofibers showed
accumulation of IkBa in 1-mo-old Tgl mice and 12-mo-old Tg2 mice, in contrast to WT litermates. Scale bars: 40 um

glucocorticoids are utilized o delay the progression of Duchene
muscular dystrophy (12, 20, 34), and, actually, the invasion of
lymphoid and myeloid cells is an early stage feature of Duchene
muscular dystrophy (33). B-Defensin would be the first reported
component of inflammation that induced alone the typical
phenotype of muscular dystrophy. Because mBD-6 and human
defensin-3 showed intrinsic expression in skeletal muscle (10,
39), and invaded myeloid cells and lymphocytes would secrete
abundani o-defensin in human muscular dystrophy (42), our

Fig & Hematoxylin and eosin stamning of spinal cords of Tgl
mouse and WT linermate. No. and morphology of motor
neurons showed no abnormality cavsative of myofiber degen-
eration in the Tgl mouse

findings suggest the significance of the defensin family in the
pathogenesis of muscular dystrophy.

In aged Tg2 mice, mBD-6 overexpression induced NCAM-
positive myofibers and IkBa accumulation with mild histolog-
ical abnormality. Interestingly, aging alone induced a shight
increase in NCAM-positive myofibers and Ik Ba-positive myo-
fibers. The augmentation of these aging phenomena in Tg2
mice suggested that defensin-mediated muscle degeneration
would not be limited to distinct muscular dystrophy but would

Tgl
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Tg2, 12 months

L

nnti IxBa

be associated with a much more common late-onset muscular
wasting degeneration like sarcopenia, cachexia, or senescence
acceleration.

Previous studies with transgenic mice overexpressing anti-
microbial proteins (e.g., lysozyme) or peptides (e.g., human
defensin-5) have indicated the beneficial roles of these sub-
stances in the in vivo situation (1, 27). In contrast to these
animal models, Tg1 mice succumbed 10 muscular degeneration
and short lifespan, showing a completely novel aspect of
antimicrobial peptides. The various mediators, like reactive
oxygen metabolites, complement cascades, and some proteases
are involved in the known immune-mediated tissue injury in
inflammatory conditions. Our investigation has established the
defensin family as a novel effector of immune-mediated tissue
injury

The molecular mechanism of defensin-mediated lissue in-
jury remains to be clarified. Generally, pore formation and
permeabilization of target membranes are common mecha-
nisms of defensin effects (9, 18, 19). Because dystrophin,
dyswroglycan, and laminin distributions were normal, mBD-6
would induce muscle degeneration independently of the dys-
rophin-glycoprotein complex.

Although vpregulation of NCAM was shown 1n denervated
myaofibers, the histology of motor neurons of Tgl mice showed
no abnormality that could be causative for massive myofiber
degeneration. So, these NCAM-positive myofibers would in-
dicale the regeneralive process and/or association of motor
endplate degeneration in Tgl and Tg2 mice, as indicated in
some types of muscular dystrophy (7, 13, 38). Al the same
ume, the accumulation of 1kBa in Tgl and Tg2 mice with
apoptolic features is similar to that in LGMD2A patients and
their animal models (2, 25). In LGMD2A patients, the defect of
IkBa turnover inhibited the activity of NF-kB, associated with
myoliber apopltosis. Because perturbation of the NF-«xB/IxB
pathway could cause the subsequent perturbation of many
survival genes, it could be a common pathway in various
mechanisms of myofiber degeneration

The next question is, what downstream events of the
-defensin-6 pathway might be involved in the mechanisms of
myofiber degeneration? Actually, both CCR6 and TLR4 are
expressed in skeletal muscle. Other investigators (8) have
reported that TLR4 expression is identified in skeletal muscles
We also confirmed the expression of TLR4 using RT-PCR.

anti cleaved caspase-3

h

Fig. 9 Apoptotic feature of Tg2 skeletal muscle |
tochemical analysis of senal secuons for IkBa and cleaved
caspase-3 indicated that some myofibers (arrow) showed both
accumulation of IxBa and apoptotic features Scale bars: 40 pum

However, we do not think that the downstream events of the
B-defensin-6 pathway are important in the pathogenesis of the
muscle degeneration phenotype. Until now, there have been no
data about the pathological relationship between muscle de-
generation and TLRs. While various functions of the defensin
family in mammalian cells have been reporied, including
cytotoxicity, most of the downstream events were not clarified,
and the contribution of CCR6 or TLR4 on the pathogenesis of
muscle degeneration would be limited, if it existed. Certainly,
CCR6 receptors and TLR4 are expressed in skeletal muscle,
and the NF-xB pathway is directly associated with TLR4
However, it is reasonable 10 speculate that continuous stimu-
lation of these receptors does not primarily contribute to induce
degeneration of myofibers in vivo. If such a phenomenon were
to happen, the muscles could be totally abolished, and severe
muscle damage would occur earlier in life.

In this study, body weights of Tgl mice were significantly
lower than for wild-type mice. Food intake of Tgl mice was
significantly lower than for wild-type littermates. The de-
creased food intake could explain, in part, decreased body
weight. However, prominent myofiber degeneration could
never be induced by decreased food intake, and 1t is more
likely that decreased food intake resulted from decreased
muscular mass and strength. Furthermore, Tgl mice had a
short life span. Most Tgl mice died before 11 mo of age. The
shon lifespan of Tgl mice was especially evident after they
were backcrossed to the C57B16/J sirain. Many Tgl mice died
before 8 mo, and no mice backcrossed (o the CS7TBL&/] strain
lived for >1 yr. We could not clarify the specific cause of Tgl
mouse death except severe loss of body weight. There was no
evidence of cancer in the dead Tgl mice; thus we speculate that
impaired immune function may cause systemic inflammation
and decreased food intake at a relatively young age, resulting
in a malnutrition-related short lhifespan.

In conclusion, our study has demonstrated thai the defensin
family could contribute to the pathogenic immune response in
animal models, especially in the pathogenesis of myofiber
degeneration
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Yamamoto H, Nagase T, Shindo T, Teramoto S, Aoki-Nagase
T, Yamaguchi Y, Hanaoka Y, Kurihara H, Ouchi Y. Adrenomedullin
insufficiency increases allergen-induced airway hyperresponsiveness in
mice. J Appl Physiol 102: 2361-2368, 2007. First published March 1,
2007, doi:10.1152/japplphysiol.00615.2006.—Adrenomedullin (ADM),
a newly identified vasodilating peptide, is reported to be expressed in
lungs and have a bronchodilating effect. We hypothesized whether
ADM could be involved in the pathogenesis of bronchial asthma. We
examined the role of ADM in airway responsiveness using heterozy-
gous ADM-deficient mice (AM™~) and their littermate control
(AM*'*). Here, we show that airway responsiveness is enhanced in
ADM mutant mice after sensitization and challenge with ovalbumi
(OVA). The immunoreactive ADM level in the lung tissue after
methacholine challenge was significantly greater in the wild-type
mice than that in the mutant. However, the impairment of ADM gene
function did not affect immunoglobulins (OVA-specific IgE and
1gG1), T helper | and 2 cytokines, and leukotrenes. Thus the conven-
tional mechanism of allergen-induced airway responsiveness is not
relevant to this model. Furthermore, morphometric analysis revealed
that eosinophilia and airway hypersecretion were similarly found in
both the OV A-treated ADM mutant mice and the OV A-treated wild-
type mice. On the other hand, the area of the airway smooth muscle
layer of the OV A-treated mutant mice was significantly greater than
that of the OVA-treated wild-type mice. These results suggest that
ADM gene disruption may be associated with airway smooth muscle
hyperplasia as well as enhanced airway hyperresponsiveness. ADM
mutant mice might provide novel insights to study the pathophysio-
logical role of ADM in vivo.

asthma; airway hyperresponsiveness; remodeling; adrenomedullin;
knockout mouse

ADRENOMEDULLIN (ADM) is a newly identified vasodilating
peptide initially isolated from the extracts of human pheochro-
mocytoma tissue (14). This peptide, which consists of 52
amino acids in human, belongs to the CGRP/CT superfamily of
peptides including calcitonin (CT), amylin, and CT gene-
related peptide (CGRP). ADM mRNA is demonstrated in a
number of tissues, abundant in adrenal medulla, atrium, and
lung (7), whereas ADM also circulates in the plasma (13).
McLatchie et al. demonstrated that the CT-receptor-like recep-
tor functions as an ADM receptor in the presence of receptor-
activity-modifying protein 2 (17). They also demonstrated that
the expression of receptor-activity-modifying protein 2 com-
ponent was strongly recognized in the lung. Although it is
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speculated that ADM plays an important role in the lung tissue,
the exact roles of ADM gene function on airway inflammation
and airway remodeling remain little known.

In animals, Kanazawa and colleagues have reported that
ADM inhibits histamine- or acetylcholine-induced broncho-
constriction in anesthetized guinea pigs (12) and that its bron-
chodilating effect is as potent as isoproterenol. They also
demonstrated that the precursor of ADM, i.e., proadrenomedul-
lin NHz-terminal 20 peptide, has the same properties to induce
bronchodilation (11). Furthermore, it has been demonstrated
that ADM has the inhibitory effect on antigen-induced micro-
vascular leakage and bronchoconstriction in guinea pigs (20).
In humans, it was also reported that human plasma ADM levels
correlated negatively with the degree of airway obstruction, as
indicated by forced expiratory volume in 1 s; the plasma ADM
concentration was associaled with the severity of human
asthma. This suggests that the level of ADM excretion may
affect the degree of asthma severity or that asthma-related
bronchoconstriction and/or hypoxia increases the ADM levels
as a compensative mechanism (3). Thus it i1s reasonably as-
sumed that ADM, proadrenomedullin NHa-terminal 20 pep-
tide, or their derivatives could be the new-generation broncho-
dilators used in the clinical settings. Meanwhile, the biological
roles of innate ADM peptides based on ADM gene function
in vivo remain unclear.

Because the familial or the genetic background is potentially
associated with the etiology of asthma, a number of genes have
been explored for the association of asthma (4). However, the
exact molecular mechanisms underlying bronchial asthma still
remain to be elucidated, We therefore hypothesized whether
ADM gene could be involved in the pathogenesis of asthma.

Since the airway hyperresponsiveness (AHR) and inflam-
mation including eosinophil infiltration are major characteris-
tics of asthma (5, 6, 16), we examined the role of ADM in
airway responsiveness using murine model of asthma. Al-
though we recognized that homozygous ADM-deficient mice
(AM™'") are best suitable for the current experiments, they are
unfortunately embryonic lethal (23). We therefore performed
the following experiments using heterozygous ADM-deficient
mice (AM™'") and their littermate wild-type control (AM*'*).

Then, we examined the relationship between the AHR and
the lung inflammation including eosinophil infiltration and
other inflammatory mediators in mutant mice and control mice.
In murine lung model of allergen-induced hyperresponsive-
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ness, OVA challenge induces an eosinophilic inflammation,
bronchial hyperresponsiveness, and production of specific IgE
(15). However, the precise role of various types of inflamma-
tory cells and mediators involved in the pathophysiology of
AHR remains to be fully determined. Thus we further exam-
ined the other inflammatory mediators including immuno-
globulins (OV A-specific IgE and IgG1), T helper (Th) 1 and
Th2 cytokines, and leukotrienes (LTs).

In addition, the association of morphological changes with
AHR in the murine model was examined. Because ADM is
known to have anti-proliferative effect on smooth muscle cells
and fibroblasts, altered ADM function may affect cell kinetics
on airway wall, which may contribute to induction of AHR in
the mice.

MATERIALS AND METHODS

Animals. Heterozygous ADM-deficient mice (AM*'~) were estab-
lished as previously described (23). Briefly, a targeting vector was
constructed to replace the 2.4-kb fragment encompassing the 1.3-kb
5'-flanking region, exons 1-3, and part of exon 4 of proadrenomedul-
lin with the neomycin resistance gene. The plasmid was linearized and
then introduced into 129/Sv-derived SM-1 embryonic stem cells by
electroporation. Homologous recombinants were identified by South-
em blot analysis, and two independently targeted clones were injected
into C57/BL6 blastocysts to generate chimeric mice. Male Chimeras
were crossbred with C57/BL6 females, and germ-line transmission
was verified by Southern blot analysis. All experimenis were ap-
proved by the University of Tokyo Ethics Commitiee for Animal
Experiments, For genotyping, genomic DNAs were isolated from
biopsicd tail and subjected 1o PCR amplification. The animals were
maintained on a light-dark cycle with light from 0700 to 2000 at 23°C.
Mice were fed with a standard laboratory diet and water ad libitum.
Mutant mice and their littermate controls (AM*/*), between 4 and 12
wk of age, were used in the current study. There was no difference in
the body weight between the wild-type group and the mutant one
[AM*'* saline (n = 11), 30.18 = 0.76 g: AM™'~ saline (n = 11),
30.36 = 0.82 g: AM*'* OVA (n = 14),29.00 = 1.28 g; AM*'~ OVA
(n = 14),29.79 + 0.79 gl.

Sensitization and antigen challenge. To develop allergen-induced
asthma model mice, we performed allergen sensitization and inhala-
tional antigen challenge as previously described (2). Briefly, on day I,
AM*™ or AM*'~ mice were randomly selected and sensitized with
intraperitoneal (ip) injection of 0.5 ml solution contining 0.1 mg
OVA mixed with aluminum hydroxide (2 mg/ml). On day &, the mice
were subsequently boosted with the same mixture. On days /3 and 14,
these sensitized mice were placed in an 18 X |l X 11 cm plastic
chamber and were challenged for 60 min with aerosolized 1% OVA
dissolved in saline, gencrated with an ultrasonic nebulizer (NE-U17,
Omron)., Others received ip injection of saline and saline aerosols in
the same manner. On day 5, we performed measurement of bronchial
responsiveness or bronchoalveolar lavage (BAL).

Animal prepararion. Animals were anesthetized with pentobarbital
sodium (25 mg/kg ip) and ketamine hydrochloride (25 mg/kg ip) in
combipation and then paralyzed with pancuronium bromide (0.3
mg/kg ip). After tracheostomy, an endotracheal metal tbe (inside
diameter of 1 mm, length of 8 mm) was inserted in the trachea.
Animals were mechanically ventilated (model 683, Harvard Appara-
tus, South Natick, MA) with tidal volumes of 10 ml/kg and frequen-
cies of 2.5 Hz. An incision was made on the abdominal wall, then the
diaphragm of the bilateral chest was incised and the chest was widely
opened. Positive end-expiratory pressure of 2 cmH;0 was applied by
placing the expired line underwater. During the experiments, oxygen
gas was continuously supplied to the ventilatory system. A heating
pad was used (0 maintain the body temperature of animals. Tracheal
pressure was measured with a piczoresistive micro transducer
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(Endevco 8510B-2, San Juan Capistrano) placed in the lateral port of
the tracheal cannula. Tracheal flow was measured by means of a
Fleisch pneumotachograph (model no. 00000, Metabo SA, Lausanne,
Switzerland). All signals were amplified, filtered at a cutoff frequency
of 100 Hz, and converted from analog to digital with a converter
(DT2801-A, Data Translation, Mariborough, MA). The signals were
sampled at a rate of 200 Hz and stored on an IBM-AT compatible
computer, Lung resistance (RL) and elastance were measured as
previously described (19).

Airway responsiveness 1o methacholine administration. At the start
of the protocol, two deep inhalations (3 times tidal volume) were
delivered to standardize volume history. All animals were then chal-
lenged with saline aerosol for 2 min. Aerosols were generated by an
ultrasonic nebulizer (Ultra-Neb100, DeVilbiss, Somerset, PA) and
delivered through the inspiratory line.into the trachea. Measurements
of 10-s duration were sampled during tidal ventilation 1 min after
administration of saline aerosol. This represented the baseline mea-
surement. Then, each dose of methacholine (MCh) aerosol was
administered for 2 min, and measurements were performed 1 min after
each MCh inhalation in a dose-response manner (0.3125, 0.625, 1.25,
2.5, 5, 10, 20, 40, and 80 mg/ml). Airway responsiveness was assessed
using the concentration of MCh required to increase Rt to 200% of
baseline values (EC200RL) (18).

BAL fluid. BAL was performed using | ml of PBS 5 times in cach
group. In each animal, ~90% (4.5 ml) of the toial injected volume
was consistently recovered. After BAL fluid (BALF) was centrifuged
at 450 g for 10 min, the total and differential cell counts of the BALF
were determined from the cell fraction. The supernatant was stored at
—80°C until assays were performed. The concentration of protein was
measured by Bradford’s method using bovine serum albumin as a
standard.

Assay of total immunoglobulin E (IgE) in BALF. Total amount of
IgE was assayed followed by the PharMingen protocol (http://www.
bdbiosciences.com/pharmingen/protocols/Mouse_IgE_ELISA shiml).
The purified anti-mouse IgE capture monoclonal antibody (BD
PharMingen, catalog no. 02111D, clone R35-72) was used for the
assay. The antibody titers were calculated by comparison with stan-
dard samples using serum of an OVA-immunized mouse and analyzed
with the Microplate Manager software for the Macintosh computer
(Bio-Rad). The detection limit of the ELISA assays for IgE was 4.59
ng/ml.

Assay of OVA-specific IgE in serum. OVA-specific IgE was as-
sayed in a manner similar to the PharMingen protocol of IgE. Briefly,
96-well flat-bowtomed ELISA plates were coated with the purified
anti-mouse IgE capture monoclonal antibody (BD PharMingen, cat-
alog no. 553413, clone R35-72) and conjugated with biotinylated
OVA and SAv-HRP. We measured the absorbance on the microplate

—C— AMe/+SAL
8- AM+/-SAL
127 A AM+/+OVA
-8 AM+/-OVA

Ru(cmH20/mL/s)
[
o0

SAL 031 0625 125 25 5§ 10 20
MCh (mg/mL)

Fig. 1. Methacholine (MCh) dose response curves for lung resistance (RL) in
the wild-type and the heterozygous adrenomedullin (ADM) mutant mice. SAL,
saline; OVA, ovalbumin. *P < 0.05 compared with the RL in the same MCh
dosage of AM*'* OVA group. #P < 0.05 compared with the Ri. in the same
MCh dosage of AM*/~ SAL group.
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Fig. 2. ECaoRL, Concentration of MCh required to increase Ri to 200% of
baseline values, *P < 0.05 compared with the value of AM*/* OVA group.
#P < 0,05 compared with the value of AM*/~ SAL group.

reader set at 450 nm. The detection limit of the ELISA assays for
OVA-specific IgE was 20 U/ml.

Assay of OVA-specific IgG1 in serum. An enhanced protein-binding
ELISA plate was coated with the purified OVA. The plate was then
blocked with 200 i of blocking buffer per well. Samples or standards
were put in each well at various dilutions in blocking buffer. Horse-
radish peroxidase-conjugated anti-mouse [gG1 (BD PharMingen, cat-
alog no. 559626, clone X56) was diluted to 2 pg/ml in blocking buffer
and was added respectively. The plate was incubated at room tem-
perature for 30 min. Substrate buffer was added to develop color
reaction at room temperature for 20-30 min. We measured the
absorbance on the microplate reader set at 450 nm. The antibody titers
were calculated by comparison with standard samples using serum of
an OVA-immunized mouse and analyzed with the Microplate Man-
ager software for the Macintosh computer (Bio-Rad). The detection
limit of the ELISA assays for IgG] was 142 U/ml.

Assays of LTs, IL-4, -5, and -13, and IFN-y in BALF, LTC4/D4/E4
was measured using e¢nzyme immunoassay kit (GE Healthcare Bio-
Sciences, catalog no. RPN 224). Detection limit of LTC4/D4/E4 was
10 pg/ml. IL-4 and -5 and IFN-y in BALF were measured using
ELISA kits [Pierce Biotechnology, catalog no. EMIL42 (IL-4),
EMIL52 (IL-5), EM1001 (IFN-y)]. IL-13 in BALF was measured
using mouse IL-13 immunoassay kit (Genzyme TECHNE, catalog no.
10003). Detection limits of the ELISA assays for [L-4, IL-5, IL-13,
and IFN-y were 15, 20, 7.8, and 37 pg/ml, respectively.

Assay of tissue ADM. Using lung specimens before and after MCh
challenge, immunoreactive ADM (ir-ADM) levels in the lung tissues
were measured using ADM[ 1-50])(Mouse) RIA kit (Phoenix Pharma-
ceuticals, catalog no. RK-010-31). Before the assay, tissue sections
were soaked in the 1.0 ml of 0.1 M acetic acid solution and were
bathed in the 100°C water bath for 10 min. Then they were cooled
down with ice, homogenized, and centrifuged at 13,000 g for 5 min at
4°C. The supernatant was used for the assay. The values of the
ir-ADM were expressed as the quantity per gram wet tissue samples.

Semi-g itative assessment of eosinophilia and airway mucus
hypersecretion. Whole samples of tissuc were fixed in 10% phos-
phate-buffered formalin (pH 7 4), embedded in paraffin, and cut into
4-pm sections. The sections were stained with hematoxylin and eosin,

ENHANCED AIRWAY RESPONSIVENESS IN ADM MUTANT MICE

2363

Luna, or periodic acid Schiff (PAS) and Alcian Blue co-staining. Each
slide was provided for the count of cells. Eosinophil infiltration of the
peribronchial tissue was estimated by using Luna stained slides.
Goblet cell hyperplasia and airway mucus hypersecretion were as-
sessed by inspecting PAS and Alcian blue stained slides. All slides
were observed by the two uncensored persons and assessed by their
subjective scoring from 0 (none) to 3 (abundant) under the microscope
(Nikon). In terms of the reproducibility of this assessment, inter- or
intraobserver variances were <5%.

Morphometric analysis of airway walls. Each section was also
stained with Masson’s trichrome for morphometric analysis and
observed by systemic manner. The whole slide was scanned thor-
oughly and membranous bronchioles were carefully selected for the
analysis. All selected regions are digitally photographed by the Nikon
microscope. Measurements were performed by Image J software
(version 1.37v, National Institutes of Health), using an 1BM-compat-
ible computer equipped with a digitizing tablet. Measurements are as
follows: /) Abm means the area surrounded by the airway basement
membrane, whose perimeter is Pbm; 2) Amo means the area sur-
rounded by the airway smooth muscle outline, whose perimeter is
Psm; 3) Ai means the internal airway lumen area, whose perimeter is
Pi; 4) the area of epithelial cells (Ae) is calculated by Abm — Ai, the
arca of smooth muscles (Asm) is also calculated by Amo — Abm;
5) airway longer diameter is D, shorter one is Ds. Airway size was
standardized by comparing Abm, ie., Ai/Abm or Ae/Abm or Asm/
Abm. Seventy-eight of 144 selected airway sections appeared in the
slides were excluded by the following criteria: the short-to-long
luminal diameter ratioc (D&/DL) was under 0.6 or the borders ill-
defined. When we deal with the smooth muscle bundles, we carefully
outlined the edge of the smooth muscle layer, and if we encountered
the interruption of the locus, we followed it smoothly to the basement
membranc to maximally exclude extracellular matrix. If the interrup-
tion was longer than 10% of Pbm, we discarded the sections like this.
All the other components were applied for the analysis. In the same
way, analysis was performed for immunohistochemically stained
sections,

We assessed the number of cells in the airway smooth muscle layer
by counting the number of nuclei in the layer. To standardize by
airway size, the nuclear cell count (NCC) was divided by Pbm?; i.e.,
NCC/Pbm’®. The standardized number of nuclear cells in the airway
smooth muscle layer was compared among four groups, i.e., saline-
treated wild-type, saline-treated ADM mutant, OVA-treated wild-
type, OVA-treated ADM mutant mice.

Immunohistochemical staining for alpha-smooth muscle actin, 1m-
munohistochemistry was performed using monoclonal antibodies
against alpha-smooth muscle actin (a-SM actin) (DAKO Cytomation,
code MOBS I, clone 1A4). After tissue sections were deparafinized and
rehydrated, antigen retrieval was accomplished by 15-min incubation
at 121°C in 0.01 M citrate buffered solution (pH 6.0). Endogenous
peroxidase activity was blocked by incubation in methanol containing
3% Hy0:. Anti-a-SM actin antibody of 1:50 dilution was prepared
together with ENVISION +/horseradish peroxidase kit for Mouse
(DAKO Cytomation, catalog no. K4000). then incubated with normal
mouse serum for 60 min. This conjugate was added on each section
and visualized by DAB. Labeling controls were performed under the

Table 1. Toral cell counts and cell fractions in BALF in each experimental group

TCC (x10%) My, % Lym, % Eos, % PMN, %
AM™'* saline (n = 5) 494191 96.02+2.82 432267 0.02+0.00 0.26%0.21
AM*'~ saline (n = §) 4.82=054 91962251 7.24£225 0.10+0.00 0.82+048
AM** OVA (n = §) 40.20x18.22¢ 70.58215.00 284187 25.88x 14,88 0.72+0.45
AM*!= OVA (n = 6) 21.13x8.75 60.02£12.41% 400+ 1.60 3530+ 12.84% 0.70=0.28

Values are means = SE. TCC, total cell count; Mg, macrophages; Lym, lymphocytes; Eos, eosinophils, PMN, polymorphonuclear cells; BALF, broncho
alveolor lavage fluid. +P < 0.05 compared with the saline group in the same strain of animals. *F < 0.01 compared with the saline group in the same strain

of animals
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Table 2. Biochemical analysis of BALF
TP, pg/ml IgE, ng/ml L4, pg/mi IL-5, pg/ml IFN-y, pg/m! LT CA/D/ES, pg/ml

AM*'* Saline (n = 5) 494=191 530085 1.0923x17.1 17.0=3.8 1,49242129.0 25313
AM*'= Saline (n = 5) 4.82+0.54 4442092 83412282 10.2=1.2 1,548.4=119.2 4305
AMY* OVA(n=19) 40.20+18.22 70.58+15.00 938.9+28.7 4]18%14.6 1,353.0=66.6 414+264
AM*Y- OVA(n=T) 21.13+8.75 60.02+1241 759.3x23.0 23927.1 162431192 156=4.8

Values are means * SE. TP, total protein; IgE, immunoglobulin E; IL-4, i kin-4; IL-5, interleukin-S; IFN-y, interferon-y; LT C4/D4/E4, leukotriene

CAMDA/EA.

same conditions other than the usage of mouse IgG2a negative control
(DAKO Cytomation, catalog no. X0943) instead of anti-a-SM actin
antibody at the same immunoglobulin concentration.

Materials and chemicals. Materials and chemicals were obtained
from Sigma Chemical (St. Louis, MO) unless otherwise specified.

Data analysis. Comparisons of data among the experimental
groups were carried out with one-way ANOVA (Scheffe's test) or the
nonparametric Kruskal-Wallis test. Statistical significance was deter-
mined by P values under 0.05, and errors are given in SE (standard
error) unless otherwise stated. The program Microsoft Excel 2003 was
used for data management, and all siatistics were performed using
SPSS 11 (SPSS Japan, version 14.0).

RESULTS

Airway responsiveness to MCh administration. There were
no significant differences in baseline RL and lung elastance
among each group. MCh dose response curves for Ri are
demonstrated in Fig. 1. AM™*'~ mice showed the elevation of
RL to MCh dose of 2.5-5 mg/ml, whereas the other groups
exhibited no significant responses.

Airway responsiveness was also assessed using ECaooRp
(Fig. 2: saline-treated AM*'", 16.81 = 2.01 mg/ml; saline-
treated AM*/™, 1673 * 2.34 mg/ml; OVA-treated AM,
795 + 0.98*% mg/ml; OVA-treated AM*/~, 241 *+ 0.63
mg/ml, respectively; *P < 0.05 vs. the other groups). Although
bronchial hyperresponsiveness to MCh was observed in the
OVA-challenged wild-type mice, responses in the OVA-chal-
lenged AM™'~ mice were significantly enhanced compared
with the OVA-treated wild-type mice.

Assessment of the BALF. Cell fractions in BALF are shown
in Table 1, indicating the increases in the eosinophil fractions
in the OVA-sensitized groups. No differences in the fraction
and the number of BALF eosinophil were observed between
the OVA-treated wild-type and the mutant mice. Measure-
ments of total IgE levels [saline-treated AM™'*, 530 + 0.85
ng/ml (n = 5); saline-treated AM™*'~, 4.44 * 0.92 ng/ml (n =
5); OVA-treated AM*'*, 4,19 = 233 ng/ml (n = 9); OVA-
treated AM™'~, 440 * 1.69 ng/ml (n = 7), respectively]
showed no significant differences among each group. Total
protein amount in BALF was also assessed [saline-treated
AM** 4505 + 12.40 pg/ml (n = 6); saline-treated AM*/~,
43.35 * 7.00 pg/ml (n = 5); OVA-treated AM™'*, 82.47 =

Table 3. Immunoreactivity analysis of serum

OVA-specific 13G1, UWml OVA-Specific IgE. Uiml
AM*’* Saline ND ND
AM*'" Saline ND ND
AM*'* OVA (n = 6) 5578.4+4,513.1 ND
AMY=OVA (=T 1,879.6=1,389.3 ND

Values are means = SE. ND, not detected.

23,60 ug/ml (n = 9); OVA-treated AM™'~, 69.64 £ 14.70
ug/ml (n = 7), respectively], but no differences were found
among each group. IL-4, 5, IL-13, and IFN-y were measured,
but no difference was found between OVA-treated mutant
mice and OVA-treated wild-type mice. The level of LTC4/
D4/E4 in BALF obtained from each group was also measured,
but no differences were found either (Table 2).

Assessment of the serum. Antigen exposure increased the
OVA-specific IgGl levels [OVA-treated wild-type mice,
5,578.40 = 4,513.11 U/ml (n = 7); OVA-treated mutant mice,
1,879.62 = 1,389.27 U/ml (n = 7); saline groups not detect-
able], whereas no difference was observed between OVA-
treated mutant mice and OVA-treated wild-type mice, Mean-
while, the OVA-specific IgE in serum was not detectable
(Table 3).

ir-ADM. ir-ADM levels in the lung tissue were demonstrated
in Fig. 3. irrADM levels of OVA-treated groups did not
significantly differ from those of OVA-untreated groups.
ir-ADM levels of the mutant groups before MCh challenge
were also lower than those of the wild-type groups. MCh
inhalation enhanced these immunoreactivities of each group
(P < 0.01). ir-ADM levels after MCh inhalation were signif-
icantly different between OVA-untreated wild-type mice and
OVA-untreated mutant mice (P < 0.01). Similarly, ir-rADM
level of the OV A-treated mutant mice after MCh challenge was
lower than that of the OVA-treated wild-type mice (P < 0.01).

Semi-quantitative assessment of eosinophilia and airway
hypersecretion. As shown in Fig. 4, mononuclear cells or
eosinophils infiltrated markedly along the airways of the OVA-
treated mice, whereas no difference was found between the
wild-type and the mutant mice. On the Luna-stained tissue,
eosinophils were markedly found around the airways of the
OV A-challenged groups, but the degree of eosinofil infiltration
showed no significant difference between the AM*’* and the
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Fig. 3. Immunoreactive (Ir-) ADM in the lung before and after MCh challenge
(RIA). P < 0.01 pared with the postinhalation value of AM*'* OVA
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OVA

AM**

AM mice (Fig. 5). OVA-treated groups apparemly showed
very intense staining of PAS/Alcian blue, suggesting goblet
cell hyperplasia and airway mucus hypersecretion. Although
the OVA challenge caused the significant change in both
animal groups. the magnitude of goblet cell hyperplasia and
airway mucus hypersecretion was not different between the
wild-type mice and the mutant mice (Fig. 6)

Maorphomerric analysis. AAbm of the OV A-ireated mutant
mice was significantly smaller than that ol the OVA-untreated
mutant type mice (P = 0.0007), but it was not different from
that of the OVA-reated wild-type mice (P = 0.20) (Fig. 7).
Ae/Abm of the OV A-treated mutant mice was greater than that
of the OVA-untreated mutant mice (P = 0.00007), but it was
not different from that of the OV A-treated wild-type mice (P
0.200 (Fig. 8). Similarly, Asm/Abm of the OV A-treated mutant
mice was also larger than that of the OV A-unireated mutant
mice (P = 0.00007). However, Asm/Abm of the OV A-treated
mutant mice was significantly greater than that of the OVA-
reated wild-type mice (P = 0.00010) (Fig. 9). The number of
cells in the airway smooth muscle layer of the OV A-treated
mutant mice was significantly greater than that of the OVA-
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Fig 4. Photomicrographs of small airways and
lung parenchyma (rom saline -ireated wild-ivpe
(A sabine-treated ADM murant (8, OVA-
treated wild-type (C). or OVA-treated ADM
miutant mice (225, Specimens were stalned with
hemistoxyvlin and cosin, Scale bar, 100 pm

AM

untreated mutant mice (P = 0.0019) or that of the OV A-treated
wild-type mice (P = (0L.012) (Fig. 10).

Assessment of airway smooth muscle mass of the tissue
sections immunohistochemically stained with «-SM actin an-
tibody (Fig. 11) was also performed. Asm/Abm of the OVA-
treated mutant mice was significantly greater than that ol the
OV A-treated wild-type mice (F = 0.0004) (Fig. 12)

DISCUSSION

The current study clearly revealed greater AHR of the
heterozygous ADM mutant mice in the allergen-induced
asthma model. To our knowledge, this is the first report to
study whether ADM gene function could be involved in the
AHR using mutant mice. In addition. the MCh dose. which
causes significant elevation of Ri in AM™ mice, was veny
lower than that of the usual model of AHR in other mice. Thus
the enhanced AHR suggests that innate ADM mught play a
pivotal role in AHR in allergen-induced asthma.

We observed that ir-ADM level after MCh challenge was
significantly greater in the wild than in the mutant. This finding
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Fig 6 Semi-quantitative assessment of goblet cell hyperplasin and arway
hypersecrenion of wild-type and mutam mice with OV A inhalmtion challenge
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Fig. 7. Area of internal airway lumen (Ai/Abm) following OVA or SAL
inhalational challenge. Ai/Abm indicates the standardized internal airway
lumen area by Abm. P values are shown where significant (P < 0.05).

may indicate that the tissue ADM expression could be en-
hanced by MCh challenge to protect against the airway con-
traction while ADM secretion of the mutant is so restricted that
the mice could not react fully against MCh inhalation chal-
lenge. As a result, ADM-induced bronchodilation after MCh
challenge could not occur thoroughly in the mutant. Since we
found that altered ADM gene function is associated with AHR
in allergen-induced asthma model, we then examined possible
mechanisms of enhanced AHR in the mice.

First, we examined the roles of eosinophilic inflammation on
AHR in the mice. Current experiments showed that eosinophils
infiltrated markedly along the airways of the OVA-treated mice
irrespective to ADM gene modulation. In asthma, a chronic
inflammatory process of the airways leads to the development
of airflow limitation and AHR. Extensive cellular infiltration is
seen around the asthmatic airway. Particularly, airway eosin-
ophilia is one of the most common features in asthmatic
subjects and could be involved in bronchial hyperresponsive-
ness (5, 16). Although vasoactive peptides including ADM
might affect airway inflammation after antigen challenge, our
results indicate that the disruption of ADM gene has greater
effects on AHR but little effect on antigen-induced airway
eosinophilia in mice.

Second, we examined the potential proinflammatory mediators
including immunoglobulins (OVA-specific IgE and IgGl), Thi
and Th2 cytokines, and LTs. In the current study, OV A-specific
IgE in serum was not detected in each group, and the total IgE
in BALF was not significantly different between the OVA-
treated wild-type mice and the OV A-treated mutant mice. Thl
subtype preferentially produces IL-2, stimulating T lympho-
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Fig. 8. Area of airway epithelial cell layer (Ae/Abm) following OVA or SAL
inhalational challenge. Ae/Abm indicates the standardized area of airway
epithelial cell layer by Abm. P values are shown where significamt (P < 0.05).
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Fig. 9. Area of airway smooth muscle cell layer (Asm/Abm) following OVA
or SAL inhalational challenge. Asm/Abm indicates the standardized area of
airway smooth muscle cell layer by Abm. P values are shown where significant
(P < 0.05).
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cyte proliferation, TNF-B, and IFN-y that inhibit B lymphocyte
activation and IgE synthesis. We examined IFN-y as a Thl
cytokine, but no evidence was found suggesting its participa-
tion. Meanwhile, the OVA-specific IgG1, which is synthesized
through Thl and Th2 pathway, was not significantly sup-
pressed in the serum of OVA-treated mutant mice. These
findings indicate that the modulation of ADM gene might not
affect IgE production mechanism through Thl pathway. We
also measured IL-4 and IL-5 that could evoke Th2 immune
system, and no difference was found in the levels of IL-4 or
IL-5 between the wild-type and the mutant animals, suggesting
that the activation of Th2 pathway cannot be evoked by ADM
insufficiency. Furthermore, cysteinyl LTs (LTCs, LTDa, and
Liey) levels were not different between mutant mice and
wild-type mice. Although cysteinyl LTs are reported to be one
of the most important targets to treat bronchial asthma, they
may nol coniribute to the AHR that is associated with ADM
gene modulation.

Third, we investigated the morphological alteration of air-
ways in the mice. Based on the fact the biochemical parameters
do not primarily contribute to increase AHR in the mice, there
may be another mechanism for AHR in the ADM-deficient
mice. Histologically, OVA-treated airway specimen presents
mucus hypersecretion involving hyperplasia of goblet cells and
submucosal gland cells, which is compatible with the airways
of asthmatic subjects. Therefore, goblet cell hyperplasia and
associated mucus hypersecretion might be one of the important
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Fig. 10. NCC/Pbm® around the respiratory bronchioles following OVA or
SAL inhalational challenge. NCC/Pbm? indicates the standardized nuclear cell
count by Abm. P values are shown where significant (P < 0.05).
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AM-

factors of the airflow limitation and AHR in this animal model.
T'o make this point clear, we stained cach lung section by PAS
and Alcian blue co-staining (PAS/Alcian blue). OVA-treated
amimals showed the goblet cell hyperplasia and hypersecretion
as indicated by the considerable staining with PAS/Alcian
blue. This phenomenon was consistently observed in the ani-
mals with OVA challenge but was not related (o the ADM gene
disruption, suggesting that goblet cell hyperplasia nsell does
not contribute the AHR in this anmmal model. However, our
morphometric analysis data on each histological section re
vealed that the internal airway lumen area (AifAbm) of the
OV A-treated mutant mice was significantly smaller than that of
the OV A-untreated mutant mice. However, it was not different
From that of the wild-type mice. These findings cannot endorse
our physiological data that the OVA-treated mutant mice
exhibit greater MCh-induced AHR. The area of airway epithe
lial cell layer (Ae/Abm) of the OV A-treated mutant mice was
significantly larger than that of the OVA-untreated mutant
mice. However, it was not different from that ol the wild-1vpe
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Fig 12 ] smosth muscle cell laver (Asm/Abm following
OVA inhalational challenge in the immunch chemically stained
sections with anti-a-SM actin antib P values are shown where signif
weant (f (.05
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Fig 11 Photomicrographs of small airways
and lung parenchyma  from  saline-treated
wild-tvpe (AL saline-treated ADM mutant

(8. OVA-reaed wild-type (C1. and OVA
treated ADM mutant mice (D) after OVA o
SAL inhalational challenge. Specimens were
stamed with anti-o-SM actin antibody immu
Scule bau

nohistochemmicall LLL AT

AM

mice. Therefore. the thickening of airway epithelial cell layer
cannot clearly explain greater airway responsiveness of the
mutant mice

ADM gene is known 1o induce the vaso-muscle relaxation
and inhibit muscle cell proliferation. The ADM gene insuffi-
ciency may be involved in the arrway wall integrity in terms of
In fact, the area of the airway

cell kinetics and muscle tones
smooth muscle cell layer (Asm/Abm) was larger in the sensi
tized mutant mice than that in the sensitized wild-type mice.
The peribronchial trophic changes of airway smooth muscle
cells may be a primary mechanism of the current allergen
induced asthma model We confirmed the ADM deh-
ciency increases airway smooth muscle cell proliferation by

mice

using immunohistochemical staining of «-SM actin in the
mouse airways. These results are consistent with the increase
of nuclear cells around the basement membrane in the mice
In this study. we did not perform an in vitro experiment
concerning the effects ol extracellular ADM on the airway
smooth muscle prolileranon. However, there are plenty ol data
about the hibitory effects of ADM on smooth muscle cell
proliferation in vitro and in vivo. Rosst and coworkers have
demonstrated that ADM exhibits a potent dose-dependent in-
hibiting effect on angiotensin 11 tAngll)-induced human aora
smooth muscle cell proliferation and a stimulatory effect on
proliferanon of cells (22). Rauma-Pinola and co-
workers have demonstrated that AM overexpression inhibits

yuiescenl

neointimal smooth muscle cells™ growth and enhances apopto-
sis of the neoinuumal smooth muscle cells (21). 1t has been also
reported that AM contributes o reduction ol neointima forma-
tion by the inhibiion of vascular smooth muscle cell proliter
atton vig cGMP-dependent signaling pathway (1), Further-
more. ADM has an inhibitory effect on aldosterone-induced
cell proliferation of advennna m rats. This indicates that ADM
may inhibil cell proliferation of both smooth muscle cells and

lhroblasts in vivo (9). Consistently. it has been reported that
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ADM inhibits aldosterone-induced fibroblast proliferation and
ERK activity in vitro (10). Thus it may be reasonable to
speculate that ADM inhibits bronchoconstrictive stress-in-
duced cell proliferation of both smooth muscle cells ahd
fibroblasts.

In addition, it has been reported that ADM causes the
relaxation of vascular smooth muscle cells, which is associated
with the intracellular cyclic AMP formation via G protein-
coupled adenylate cyclase pathway (8, 14). Although the sim-
ilar effects of ADM on the airway smooth muscles have not
been proved yet, ADM deficiency may be associated with the
less muscle relaxation through lower levels of intracellular
cyclic AMP formation.

In conclusion, heterozygous ADM-deficient mice showed
greater MCh-induced airway responsiveness. This is the first
study that allergen-induced AHR is augmented by ADM gene
disruption, Impairment of ADM gene expression does not
affect airway inflammation, including eosinophilic infiltration,
The airway mucus secretion, IgE synthesis, Th1 or Th2 cyto-
kines, and cysteinyl LTs were not affected by the ADM gene
modulation either. On the other hand, ADM insufficiency
caused considerable airway smooth muscle hyperplasia prob-
ably due to promotion of peribronchial smooth muscle cell
proliferation in the lungs. Thus ADM gene may be related to
the antigen-induced airway responsiveness in association with
airway smooth muscle proliferation. Furthermore, ADM might
be a candidate for the novel therapeutic agent to prevent airway
remodeling and asthmatic death in severe asthma. The ADM
mutant mice used in this study may contribute to the study
regarding the genetic roles of ADM on airway wall thickening
in severe bronchial asthma and may further provide novel
insights to study the physiological role of ADM in vivo.
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Calcitonin gene-related peptide mediates acid-induced
lung injury in mice
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Calcitonin gene-related peptide mediates acid-induced lung injury in mice

AOKI-NAGASE T, NAGASE T, OH-HASHI 'Y, KURTHARA Y, YAMAGUCHI Y, YAMAMOTO H, NAGATAT,
KURIHARA H, OUCHI Y. Respirology 2007; 12: 8B07-813

Background and objective: Acid-induced lung injury from aspiration is one of the most important
causes of ARDS. Calcitonin gene-related peptide (CGRP) is a neuropeptide that has various biological
actions. The current study investigated whether CGRP might have pathophysiological roles in acid-
induced lung injury.

Methods: The investigations em})luyed CGRP gene-disrupted mice—mutant mice (CGRP™) and
their littermate controls (CGRP*"). Anaesthetized and mechanically ventilated mice received
2 mL/kg HCl (pH = 1.5) intratracheally. Lung wet-to-dry weight ratios were calculated to assess
pulmonary oedema, total and differential cell counts of the BALF were determined, and measure-
ments of myeloperoxidase activity were performed.

Results: Acid-induced lung injury was characterized by an increase in lung permeability and res-
piratory failure. Disruption of the CGRP gene significantly attenuated acid-induced injury, oedema
and respiratory failure.

Conclusions: This study suggests that CGRP is involved in the pathogenesis of acute lung injury
caused by acid aspiration and CGRP mutant mice may provide an appropriate model to study

doi: 10.1111/}.1440-1843.2007.01172.x

molecular mechanisms in this context.

words: acid aspiration, acute lung injury, acute respiratory distress syndrome, calcitonin gene-

related peptide, knockout mice.

INTRODUCTION

ARDS is an acute lung injury, with a mortality ranging
from 40% to 70% despite intensive care. Acid-induced
injury from aspiration is one of the most important
causes of ARDS. A potential mechanism for the acid-
associated lung Injury includes: (i) hydrochloric acid
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(HCl)-induced damage to the alveolar-capillary
membrane; and (ii) polymorphonuclear neutrophil
(PMN) adhesion, activation and sequestration,
leading to pulmonary oedema and deterioration of
gas exchange,'*

Calcitonin  gene-related peptide (CGRP), a
37-amino-acid peptide, is a neuropeptide that has
various biological actions, including responses
to sensory stimuli, cardiovascular regulation and
vasodilation.*® There are two CGRP isoforms, «CGRP
and BCGRP. aCGRP is present in the ceniral and
peripheral nervous systems,’ while GRP is
expressed in specific neuronal sites.® In the respira-
tory system, CGRP is synthesized by sensory C-fibres
throughout the respiratory tree*'” and is reported to
be involved in the regulation of airway physiology."'
CGRP is also found in neuroepithelial cells of the lung
and coexists with tachykinins in many airway sensory
nerves,” while CGRP receptors are found in lung
vessels.'"* It has been shown that CGRP, a potent
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