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Table 1. Physiological results
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Table 2. Total cell counts and cell fractions in BALF

PaCOs, R, Total cell Macrophages, PMNs, Lymphocytes,

pH mmHg cmH20 ml~t-53 , counts X 105 % % %
Saline, ip 7.492 +£0.041 27.7%3.7 0.412+0.004 Saline, ip 1.12+0.05 95.7+0.3 0.4+0.1 3.9x0.3
Saline, iv : Saline, iv
ATK, ip 7.455 +0.049 29.56+3.3 0.418 £0.007 Saline, ip 3.56+0.13¥ 93.4+*0.6 3.3x0.5* 3.3+05
Saline, iv LPS/zymosan,
Saline, ip 7.134+0.0650% 48.6*x4.6% 0.539:+0.020% iv
LPS/zymosan, iv ATK, ip 2.28+0.321F 94.7x05 1.1x0.1{f 42+04
ATEK, ip 7.444+0.041% 32.2+3.4% 0.459+0.01417% LPS/zymosan,

LPS/zymosan, iv

v

Values are means = SE. Ry, lung resistance; ATK, arachidonyl
trifluoromethyl ketone. *P < 0.01 vs. saline-treated group. {P <
0.05, 1P < 0.01 vs. LPS/zymosan-treated group.

reflects physiological alterations in lung parenchyma.
The administration of ATK significantly reduced LPS/
zymosan-induced responses in Ep and Ri, whereas
there were significant differences between saline-
treated and ATK/LPS/zymosan-treated groups.

Administration of LPS/zymosan elicited respiratory
failure, which was not observed in saline-treated
groups. Hypoxemia was prominent in LPS/zymosan-
treated mice, whereas ATK administration reduced
1L.PS/zymosan-induced hypoxemia (Fig. 2). After LPS/
zymosan treatment, increases in Paco, and decreases
in pH were observed, although there were no differ-
ences in Paco, or pH levels between saline-treated and
ATR/LPS/zymosan-treated groups. As shown, ATK
had little effect on physiological data in saline-treated
groups.

Analyses of BALF. Table 2 and Figs. 8 and 4 sum-
marize the analyzed data of BALF. As shown, LPS/
zymosan administration increased protein amount and
number of PMN in BALF, indicating LPS/zymosan
induced protein leakage and PMN infiltration. The
protein leakage and PMN sequestration were signifi-
cantly attenuated by the treatment of ATK. Mean-
while, there were significant differences in BALF pro-
tein amount and number of PMN between saline-
treated and ATK/LPS/zymosan-treated groups.

TX and LT assay. To assess the biosynthesis of
cPLAy products, we performed TXA; (measured as

400

PaQ, (mmHg)

0 . :
SAL SALFATK LPS/Z LPS/ZHATK
Fig. 2. Effects of cytosolic phospholipase As (¢cPLAy) inhibitor ATK in
hypoxemia induced by LPS/zymosan treatment. *P < 0.001 vs.
saline-treated group; #P < 0.001 vs. LPS/zymosan-treated group.

Values are means * SE. BALF, bronchoalveolar lavage fluid;
PMN, polymorphonuclear neutrophil. *P < 0.01 vs. saline-treated
group. TP < 0,05, £P < 0.05 vs. LPS/zymosan-treated group.

TXB,), LTBs, and LTC4/D4/E4 assay of the BALF. Fig-
ures 5-7 summarize the results of BALF TXBy, LTB,,
and LTC4/DyEs assay in each experimental group.
LPS/zymosan administration markedly increased
TXBj, LTBy, and LTC4/D4/E4 levels in BALF compared
with the saline-treated group, whereas the levels of
these eicosanoids were significantly reduced in the
ATK/LPS/zymosan-treated group. However, there
were significant differences in BALF TXB,, LTBy, and
LTC4/D4/E4 levels between saline-treated and ATK/
LPS/zymosan-treated groups.

MPO activity assay. To assess the PMN infiltration
in the lung, we performed MPO activity assay. Figure
8 shows the results of MPO activity in lung tissue.
LPS/zymosan administration markedly increased
MPO activity in lungs compared with the saline-
treated group, whereas the MPO activity was signifi-
cantly attenuated in the ATK/LPS/zymosan-treated
group. However, no significant difference in lung MPO
activity was observed between saline-treated and ATK/
LPS/zymosan-treated groups.

Histological study. Figure 9 represents lung histol-
ogy following LPS/zymosan administration. As shown,
LPS/zymosan administration induced prominent le-
sions, as well as alveolar thickening, distortion, and
cellular infiltration. In contrast, the alveolar architec-
ture is well preserved and histological changes are
minimal in ATK-treated animals.
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Fig. 8. Effects of cPLAg inhibitor ATK in protein leakage induced by
LPS/zymosan treatment. BALF, bronchoalveolar lavage fluid. *P <
0.01 vs. saline-treated group; #P < 0.01 vs. LPS/zymosan-treated

group.
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Fig. 4. Bffects of cPLAs inhibitor AT
induced by LPS/zymosan treatment. PMN
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DISCUSSION
The results of the current study show that CPLA2 is
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Fig. 8. Effects of ¢cPLAg inhibitor ATK in lung myeloperoxidase
(MPO) activity induced by LPS/zymosan treatment (n = 4 for each
group). *P < 0.05 vs. saline-treated group; #P < 0.05 vs. LPS/
zymosan-treated group.

SAL

neutrophils during sepsis, elevated cPLAg expression and
activity have been recently reported, suggesting that
c¢PLA; plays a major role in neutrophil function in septic
syndrome (17).

ATK ATTENUATES LUNG INJURY

Of note, it has been recently shown that acute lung
injury induced by LPS/zymosan administration is at-
tenuated in cPLAy gene-disrupted mice (30). It seems
that the effects of ATK administration are similar to
those of cPLAy gene disruption in terms of inhibiting
lung injury. This observation may further confirm that
the intervention of ¢PLAs could be an effective ap-
proach to treat acute lung injury. However, differences
were also found between these two studies. In this
study, we measured TXB,, LTB,, and cysteinyl LTs
(LTCy/DyE,) in BALF to confirm the generation of
cPLA, products. Although the ATK administration sig-
nificantly attenuated LPS/zymosan-induced produc-
tion of TXBg, LTB,, and cysteinyl LTs, the ATK admin-
istration reduced each eicosanoid by 73, 47, and 27%,
respectively, compared with LPS/zymosan administra-
tion. In contrast, cPLAs gene disruption reduced each
eicosanoid by >90% in this model, compared with LPS/
zymosan administration in wild-type mice. This find-
ing suggests that the present manner of ATK admin-
istration may still be insufficient to inhibit ¢cPLAg com-
pletely. Because it is postulated that pharmacological
intervention of ¢cPLAs could be usgeful in the manage-

Fig. 9. Photomicrograph of lung tissues from LPS/zymosan-treated {4, C), and ATK/LPS/zymosan-treated (B, D)
mice 4 h after LPS administration. Hematoxylin-eosin stain. Scale bar in A represents 200 um in A and B and 50
pm in C and D.
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ment of ARDS, the development of novel cPLAs inhib-
itors warrants future research.

In the present model of acute lung injury, we observed
that the levels of Paco, and pH in the ATK/LPS/zymosan-
treated group were the same as in saline-treated controls.
However, LPS/zymosan-induced increases in Eg, severity
of hypoxia, BALF protein, PMN, and eicosanoids were
significantly attenuated but not eliminated by the treat-
ment of ATK. These observations indicate that factors
other than cPLAs may also play a role and contribute to
physiological alteration. Recently, it has been demon-
strated that secretory PLAs (sPLAy), the other type of
PLA,, mediates LPS-induced lung injury and that the
inhibition of sPLA; may also represent a therapeutic
approach to acute lung injury (2). In addition, it has been
suggested that oxygen radicals, adhesion molecules, and
cytokines are also involved in this mechanism (8, 28).
Recently, it was reported that cPLAg activation is essen-
tial for integrin-dependent adhesion of leukocytes (39). If
one considers that there are as yet no pharmacological
agents to reverse pulmonary edema and increase sur-
vival rates, these factors are potential targets to develop
agents. The current study suggests that the intervention
of ¢cPLA; could be a promising clue to improve manage-
ment of ARDS.

In summary, the inhibition of ¢PLAy significantly
attenuated lung damage and respiratory failure in-
duced by LPS/zymosan treatment. The current obser-
vations suggest that cPLAg products are involved in
the pathogenesis of acute lung injury caused by septic
syndrome. Inhibition of cPLAg-initiated pathways
might provide a novel and potential therapeutic ap-
proach to ARDS, to which no pharmaceutical agents
are currently available.

This work was supported in part by grants-in-aid for Scientific
Research from the Ministry of Education, Science, Sports and Cul-
ture of Japan and grants-in-aid for Comprehensive Research on
Aging and Health from the Ministry of Health, Labour and Welfare,
Japan, a grant from the Mochida Memorial Foundation for Medical
and Pharmaceutical Research, a grant from the Yamanouchi Foun-
dation for Research on Metabolic Disorders, a grant from the Smok-
ing Research Foundation, and a grant from the Novartis Foundation
for Gerontological Research. T. Aoki-Nagase is a Research Resident
of Japan Foundation for Aging and Health.

REFERENCES

1. Aoki-Nagase T, Nagase T, Oh-hashi Y, Shinde T, Kurihara
Y, Yamaguchi Y, Yamamoto H, Tomita T, Ohga E, Nagai R,
Kurihara H, and Ouchi Y. Attenuation of antigen-induced
airway hyperresponsiveness in CGRP-deficient mice. Am J
Physiol Lung Cell Mol Physiol 283: 1.963-1970, 2002.

2. Arbibe L, Koumanov K, Vial D, Rougeot C, Faure G, Havet
N, Longacre S, Vargaftig BB, Bereziat G, Voelker DR, Wolf
C, and Touqui L. Generation of lyso-phospholipids from sur-
factant in acute lung injury is mediated by type-1I phospholipase
Ao and inhibited by a direct surfactant protein A-phospholipase
A, protein interaction. J Clin Invest 102: 11521160, 1998,

3. Blackwell TS, Lancaster LH, Blackwell TR, Venkatalrish-
nan A, and Christman JW. Chemotactic gradients predict
neutrophilic alveolitis in endotoxin-treated rats. Am J Respir
Crit Care Med 159: 16441652, 1999.

4. Chiang N, Gronert K, Clish CB, O’Brien JA, Freeman MW,
and Serhan CN. Leukotriene By receptor transgenic mice re-
veal novel protective roles for lipoxins and aspirin-triggered
lipoxins in reperfusion. J Clin Invest 104: 309-316, 1999.

L725

5. Clark JD, Lin LL, Kriz RW, Ramesha CS, Sultzman LA, Lin
AY, Milona N, and Knopf JL. A novel arachidonic acid-selec-
tive cytosolic PLA, contains a Ca?*-dependent translocation
domain with homology to PKC and GAP. Cell 65: 1043-1051,
1991,

6. Donnelly SC and Haslett C, Cellular mechanisms of acute
lung injury: implications for future treatment in the adult respi-
ratory distress syndrome. Thorax 47: 260-263, 1992.

7. Figueroa DJ, Breyer RM, Defoe SK, Kargman S, Daugh-
erty BL, Waldburger K, Liu @, Clements M, Zeng Z, O'Neill
GP, Jones TR, Lynch KR, Austen CP, and Evans JF. Ex-
pression of the cysteinyl leukotriene 1 receptor in normal human
lung and peripheral blood leukocytes. Am o Respir Crit Care Med
163; 226-233, 2001.

8. Folkesson HG, Matthay MA, Hebert CA, and Broaddus VC.
Acid aspiration-induced lung injury in rabbits is mediated by
interleukin-8-dependent mechanisms. J Clin Invest 96: 107118,
1995.

9. Fowler AA, Hamman RF, Good JT, Benson KN, Baird M,
Eberle B, Petty TL, and Hyers TM. Adult respiratory dis-
tress syndrome: risk with common predispositions. Ann Intern
Med 98: 593597, 1983.

10. Hudson LD, Milberg JA, Anardi D, and Maunder RJ. Clin-
ical risks for development of the acute respiratory distress syn-
drome. Am J Respir Crit Care Med 151: 293-301, 1995.

11. Ichinose F, Ullrich R, Sapirstein A, Jones RC, Bonventre
JV, Serhan CN, Bloch KD, and Zapol WM. Cytosolic phos-
pholipase A in hypoxic pulmonary vasoconstriction. J Clin In-
vest 109: 1493-1500, 2002.

12. Ishii S, Kuwalki T, Nagase T, Maki K, Tashiro F, Sunaga S,
Cao WH, Kume K, Fukuchi Y, Tkuta K, Miyazaki J, Ku-
mada M, and Shimizu T. Impaired anaphylactic responses but
intact sensitivity to endotoxin in mice lacking a platelet-activat-
ing factor receptor. J Exp Med 187: 1779-1788, 1998.

138. Ishii 8, Nagase T, Tashiro F, Tkuta K, Sato S, Waga I, Kume
K, Miyazaki o, and Shimizu T. Bronchial hyperreactivity,
increased endotoxin lethality and melanocytic tumorigenesis in
transgenic mice overexpressing platelet-activating factor recep-
tor. EMBO J 16: 133-142, 1997.

14. Ishii S and Shimizu T. Platelet-activating factor (PAF) recep-
tor and genetically engineered PAF receptor mutant mice. Prog
Lipid Res 39: 41-82, 2000,

15. Krawisz JE, Sharon P, and Stenson WF. Quantitative assay
for acute intestinal inflammation based on myeloperoxidase ac-
tivity. Gastroenterology 87: 1344-1350, 1984,

16. Leslie CC. Properties and regulation of cytosolic phospholipase
As. J Biol Chem 272: 16709-16712, 1997.

17. Levy R, Dana R, Hazan I, Levy I, Weber G, Smoliakov R,
Pesach I, Riesenberg K, and Schlaeffer F. Elevated cytosolic
phospholipase Az expression and activity in human neutrophils
during sepsis. Blood 95: 660-665, 2000.

18. Lin LL, Wartmanun M, Lin AY, Knopf JL, Seth A, and Davis
RdJ. ¢cPLA2 is phosphorylated and activated by MAP kinase. Cell
T2: 269-278, 1993.

19. Miotla JM, Williams TdJ, Hellewell PG, and Jeffery PK. A
role for the beta2 integrin CD11b in mediating experimental
Iung injury in mice. Am J Respir Cell Mol Biol 14: 363-373,
1996.

20. Myou 8, Sane H, Fujimura M, Zhu X, Kurashima K, Kita T,
Nakao S, Nonomura A, Shioya T, Kim KP, Munez NM, Cho
W, and Leff AR. Blockade of eosinophil migration and airway
hyperresponsiveness by cPLAs-inhibition. Nat Immunol 2: 145—
149, 2001.

21. Nagase T, Fukuchi Y, Matsuse T, Sudo E, Matsui H, and
Orimo H. Antagonism of ICAM-1 attenuates airway and tissue
responses to antigen in sensitized rats. Am J Respir Crit Care
Med 151: 12441249, 1995,

22. Nagase T, Ishii 8, Katayama H, Fukuchi Y, QOuchi ¥, and
Shimizu T. Airway responsiveness in transgenic mice overex-
pressing platelet-activating factor receptor: roles of thrombox-
anes and leukotrienes, Am J Respir Crit Care Med 156: 1621—
1627, 1997.

23. Nagase T, Ishii 8, Kume K, Uozumi N, Izumi T, Ouchi Y,
and Shimizu T. Platelet-activating factor mediates acid-in-

AJP-Lung Cell Mol Physiol « VOL 284 « MAY 2003 « www.ajplung.org



L726

'y‘ i genetmally siginiesred wice. J Clin Invest

Nagude T; Ishii S Shlndou H, Ouchi Y, and Shiniiza T,
Airivay hyperrespersiveness i transgemc ritee overexpressing
platelet-activating factor receptor ig mediated by an atropme-
sénsitive pathway. Ame J Respir Crit Care Med 1657 200205,
2002.

Nagase T, Kurihara H, Kurihars ¥; Aoki T, Fukuchi Y,
YaZale and Ouc Y. A1rw 54 perrespon veriess tovn}'e‘cha—

24.

25.

Crit Care

26. Nagase T,~Mats j

1996
i T, Matsuse

geite related
perpnea-mduced constncﬁlon in guines
Care Med 1541 16511556, 1996.

Siido E, Katayaima H, Usjima Y, Ma:
fitere Iar adhesmn molecule-l

hpase Ag it ble@‘mymn 1nducéd p“lﬂmonary ﬁbrosxs Nat Med 8
480-=484;, 2002.

Nagases T; Uoztimi N, Ishii 8, Kumie K, Izumi T, Ouchi Y,
and Shimizu T Acute lung injury by sepsis and acid aspiration:
ey role for eytosolic phicspholipase &s. Nat Immunol 1: 4246,

30.

81. Plttet JF, Mackersie RC,; Martin TR; and Matthay MA.
Bislogical maikers of aciite Tang njary prognos’mc and pathoge-

32.

34.

35

38.

39.

ATR ATTENUATES LUNG INJURY

netic significance. Am J Respir Crit Care Med. 155: 1187-120%,
1997,
Prescott SM, Mclntyre TM, and Ziminerman G. Two of the
usual suspects platelet—actwatmg factor and its receptor, irnpli-
eated in actte lung injury. J Clin Invest - 1019-1020, 1999,
Riendeau D, Guay J, Weech PK, Laliberte F, Yergey J, Li
cy Desmarals 8, Perrier H, Liu 8, Nicoll-Griffith D, and
Street 1P, Ar achldonyl tr1ﬂuorome‘chyl ketonsg, & potent 1nh1b1-
tor of 85-kDa phospholipase Ag, blocks pToductlon of arachide-
nate and 12-hydroxye1cosatetraenmc acid by caleium fonophore-
challenged platelets. J Biol Chern 269 15619~15624, 1994.
Shindou H, Ishif 8, Uszumi N, and Shimizu T. Roles of
cytosohe phosphohpase Ay dnd platelet-detivating factor recep-
tor in thie Ca-induced biesynithesis of PAF. Biochem Biophys Res
Commuit 971 §12=~817, 2000.
Street TP, Lin HE, Laliberte T, Ghomashchi ¥, Wang Z,

rier H, Tremblay NM, Huang Z, Weech PK, ‘and Gelb
I b&ndmg mhxbitors of the 85-kDa human
ochemzstry 32: 59855940, 1993.

v K, Nagase T; Nakatani N, Ishu 8, Tashiro

F Komagata Y-‘ Makl K, Ikuta K, Ouchi Y, Ml}fazakx J, and
Shn’mzﬁ T. Role Of cytoSoIIc phosph hpase Ag in allergic re-
§-622, 1997,
Ay ta Y, Uozu.m1 N, and Shlmlzu T. Diserete role for
phosphohpase Az alpha in platelets: studies using sin-
gle aiid double mutant mice of cytosolic and group ITA secretory
phospholipase Ag. J Bxp Med 196: 349-357, 2002.
Yokomizo T, Izami T; Chang K; Takuwa Y atid Shimizu T.
A Geprotein-coupled receptor for leukotrrene By that mediates
chemotaxis. Nature 387: 620624, 1997,
Zhu X, Muinoz NM; Kim KP; Sano H, Chio W, and Leff AR,
Cytosohc ph@sphohpase Ay activation is essentml for bsta 1 and
2 integrin-dependent adhesion of human eosinophils. J Immunol
168; 3423-8499, 1999,

AJP-Lung Cell Mol Physiol « VOL 284 s MAY 2003 « www.ajplung.org



J Appl Physiol 94: 179-184, 2003,

First published September 27, 2002; 10.1152/japplphysiol.00177.2002.

Effects of obstructive sleep apnea on circulating

ICAM-1, IL-8, and MCP-1

EIJIRO OHGA, TETSUJI TOMITA, HIROO WADA, HIROSHI YAMAMOTO,
TAKAHIDE NAGASE, AND YASUYOSHI OUCHI
Department of Geriatric Medicine, Graduate School of Medicine,

University of Tokyo, Tokyol 13-8655, Japan

Submitted 5 March 2002; accepted in final form 20 September 2002

Ohga, Eijiro, Tetsuji Tomita, Hiroo Wada, Hiroshi
Yamamoto, Takahide Nagase, and Yasuyoshi Ouchi.
Effects of obstructive sleep apnea on circulating ICAM-1, IL-8,
and MCP-1. J Appl Physiol 94: 179184, 2003. First published
September 27, 2002; 10.1152/japplphysiol.00177.2002.—Ob-
structive sleep apnea syndrome (OSAS) is one of the most
important risk factors of cardiovascular disorders. In the
treatment of OSAS, nasal continuous positive airway pres-
sure (nCPAP) has been widely used and found to be effective.
In the present study, we hypothesized that the hypoxic stress
caused by obstructive sleep apnea would increase circulating
intercellular adhesion molecule-1 (ICAM-1), interleukin-8
(IL-8), and monocyte chemoattractant protein-1 (MCP-1) in
untreated OSAS patients compared with an age-matched
control group. In addition, we hypothesized that nCPAP may
decrease OSAS-induced hypoxic stress and mediators. To
examine these hypotheses, we measured circulating ICAM-1
and IL-8 before and after nCPAP therapy in OSAS patients.
We observed that nCPAP decreased apnea, desaturation, and
the circulating ICAM-1 and IL-8 levels in OSAS patients.
The circulating levels of ICAM-1, IL-8, and MCP-1 in un-
treated OSAS patients were significantly greater than those
in the controls. These observations suggest that nCPAP ther-
apy could reduce OSAS-induced hypoxia and generation of
inflammatory mediators. Treatment of OSAS using nCPAP
can be, therefore, a potential approach to decrease risk of the
progression of OSAS-associated disorders.

cytokines; cardiovascular disorders; ischemic heart disease;
desaturation magnitude; hypoxic stress; intracellular adhe-
sion molecule-1; monocyte chemoattractant protein-1; inter-
leukin-8

RECENTLY, IT HAS BEEN SHOWN that obstructive sleep ap-
nea syndrome (OSAS) is related to obesity, insulin
resistance, and diabetes mellitus (17, 28, 33). More-
over, OSAS could be one of the most important risk
factors of cardiovascular disorders, including hyper-
tension, ischemic heart disease, and cerebrovascular
events (12, 15, 23, 25), whereas hypoxic stress elicited
by OSAS may be involved in the development of car-
diovascular disorders. However, the exact mechanism
remains to be elucidated.

One of the potential mechanisms is that OSAS-in-
duced hypoxic stress increases circulating inflamma-

Address for reprint requests and other correspondence: T. Nagase, Dept.
of Geriatric Medicine, Faculty of Medicine, Univ. of Tokyo, 7-3-1 Hongo,
Bunkyo-ku, Tokyoe 113-8655, Japan (E-mail: takahide-tky@umin.acjp).

http://wﬁ.jap.org

8750-7687/03 $5.00 Copyright © 2003 the American Physiological Society

tory mediators, leading to cardiovascular lesions. It
has been recently suggested that atherosclerosis is
related to inflammatory process induced by activation
of proinflammatory mediators, including adhesion mol-
ecules (11) and cytokines (10, 31). To induce leukocyte
migration to inflamed tissue, it is essential for leuko-
cytes to adhere to microvascular endothelium (32).
Potential mediators responsible for leukocyte attach-
ment to endothelium include intercellular adhesion
molecule-1 (ICAM-1), interleukin-8 (IL-8), and mono-
cyte chemoattractant protein-1 (MCP-1). It has been
reported that ICAM-1, a member of the immunoglob-
ulin superfamily, is required for leukocyte migration
into inflamed area (3, 6, 35) and plays an important
role in inflammatory disease, including bronchial
asthma, lung injury, and ischemic heart disease (18—
22). IL-8, a CXC chemokine that induces the migration
and proliferation of endothelial cells and smooth mus-
cle cells, is a potent angiogenic factor that may play a
substantial role in atherosclerosis (4, 31). Increased
expression of IL-8 has been reported in atherosclerotic
lesions and circulating macrophages from patients
with atherosclerosis (81). MCP-1 is upregulated in hu-
man atherosclerotic plaques, suggesting a role for
MCP-1 in the development of early atherosclerotic le-
sions (5, 10).

Hypoxic stress increases the adherence of neutro-
phils to endothelial cells, and this increased adherence
is mediated by proinflammatory mediators, including
ICAM-1 (2) and I1-8 (13, 30). Furthermore, it has been
reported that hypoxia induces the synthesis and ex-
pression of both ICAM-1 and IL.-8 via the activation of
nuclear transcription factor (NF)-«B (7, 36, 37).

In the treatment of OSAS, the efficacy of nasal con-
tinuous positive airway pressure (nCPAP) has been
reported (8, 27). nCPAP improves sleepiness and qual-
ity of life in patients with OSAS, probably because
nCPAP intervention removes sleeping upper airway
collapse and decreases apnea episode (27). Although it
is expected that nCPAP may ultimately improve the
prognosis of various disorders associated with OSAS,
its exact mechanism is not yet proven.

The costs of publication of this article were defrayed in part by the
payment of page charges. The article must therefore be hereby
marked “advertisement” in accordance with 18 U.S.C. Section 1734
solely to indicate this fact.
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Fig. 1. Baseline levels of (A) circulating intercellular adhesion mol-
ecule-1 (cICAM-1) and (B) circulating interleukin-8 (cIL-8) in the
control and obstructive sleep apnea syndrome (OSAS) groups. *P <
0.05 vs. normal confrols.

In the present study, we hypothesized that nCPAP
may decrease OSAS-induced hypoxic stress and the
generation of proinflammatory mediators. To examine
this hypothesis, we measured circulating ICAM-1 and
IL-8 before and after nCPAP therapy in OSAS pa-
tients.

METHODS

Subjects. Among patients diagnosed as OSAS in our de-
partment, 20 male subjects participated in the present study.

EFFECTS OF APNEA ON ICAM-1 AND IL-8

Table 1. Characteristics of the subjects

Group n Age, yr Body Mass Index Apnea Index
OBAS 20 47.8+2.2 294*+14 38.9x3.1%
Control 10 48.9+29 28429 3.1+x0.4

Values are means = SE; n, no. of subjects, 0SAS; obstructive sleep
apnea syndrome. *P < 0.001 vs. control group.

As age-matched controls, 10 male subjects were chosen and
studied. No subjects had any history of cardiovascular, pul-
monary, metabolic, or neuromuscular diseases. All subjects -
were in a stable condition for 1 mo before the study. The
characteristics of the subjects in the OSAS and normal
groups are shown in Table 1. There were no significant
differences in age and body mass index (BMI) between the
two groups, whereas apnea index (AI) in the OSAS group was
markedly greater than that in the control.

After the polysomnography study, the patients with OSAS
underwent therapeutic nCPAP treatment, and eight subjects
continued to receive nCPAP successfully for 8—18 mo.

Polysomnography. The subjects underwent polysomnogra-
phy for 2 consecutive nights. The polysomnography included
an electroencephalogram, an electrooculogram, an electro-
myogram of the chin, and an electrocardiogram (DG Com-
pact32, Medelec, Surrey, UK). We monitored ventilation and
airflow using inductive plethysmography (Respitrace, Ambu-
latory Monitoring, Ardsley, NY) and thermistors (Fukuda-
Sangyo, Chiba, Japan) placed at the nostril and mouth.
Arterial oxygen saturation (Sao,) was continuously mea-
sured via pulse oxymeter (Datex, Helsinki, Finland). Data
acquisition was performed overnight from 9:00 PM to 6:00
AM the next morning.

Assessment of hypoxic episodes. To assess OSAS-induced
hypoxia, we applied desaturation magnitude (DM) in this
study. Desaturation episodes were defined as hypoxia of Sao,
<90%. We defined DM as

DM = > (90 ~ Sag)t

where ¢ is time of desaturation (in h). As shown in the
equation, DM expresses the severity of hypoxic stress quan-
titatively.

Measurements of circulating ICAM-1, IL-8, and MCP-1.
We obtained peripheral blood from the subjects at 9:00 AM
before and after the nCPAP treatment. The blood samples
were centrifuged at 250 g and 4°C for 10 min. The serum
samples were then stored at —80°C until measurements. The
concentrations of ICAM-1, IL-8 and MCP-1 in the serum
were measured by ELISA method. The data are defined as

R=0.62 . R=0.55
800 - P<0.001 800 P=0.02
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=) E
Fig. 2. Correlation between clCAM-1 and ap- £ @
nea-associated parameters, i.e., apnea index ¥ =
(AI; A) and desaturation magnitude (DM; B). <Et <
g
3 o
© ® =
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Al DM
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Fig. 3. Correlation between circulating IL-8
(cIL-8) and apnea-associated parameters, i.e.,
AT (A) and DM (B) desaturation magnitude
(DM).

circulating ICAM-1 (cICAM-1), circulating IL-8 (cIL-8), and
circulating MCP-1 (cMCP-1), respectively.

Data analysis. Comparisons of data between each experi-
mental group were carried out with Student’s ¢-test. Data are
expressed as means * SE. P values <0.05 were taken as
significant.

RESULTS

Assessment of hypoxic episodes. There were signifi-
cant differences in baseline DM between the OSAS and
normal groups (2.01 + 0.66 and 0.02 * 0.01, respec-
tively; P < 0.001), suggesting that the OSAS patients
were exposed to significantly greater degree of hypoxia
compared with the control subjects.

Baseline measurements of cICAM-1 and cIL-8. Fig-
ure 1 summarizes the cICAM-1 and cIL-8 levels in the
baseline measurements. . The levels of both cICAM-1
and cIL-8 in the OSAS group were significantly greater
than those in the normal group.

Figure 2 demonstrates the relationships between
cICAM-1 and Al and between cICAM-1 and DM. As
shown, significant correlations are observed between
cICAM-1 and apnea episodes. Similarly, significant
correlation between c¢IL-8 and DM is detected, whereas
the positive correlation is suggested between cIL-8 and
AT (Fig. 3).

As indicated in Fig. 4, cICAM-1 is significantly cor-
related with cIL-8.

Effects of nCPAP on physiological parameters and
circulating mediators. After nCPAP, the improvement
in sleepiness was observed in all of the OSAS patients

R=0.56

80 P=0.001

60

clL-8 ( pg / ml)

600
clCAM-1 (ng / ml)
Fig. 4, Correlation between cICAM-1 and cIL-8.

0 200 400

who successfully received therapeutic nCPAP. Conse- -
quently, nCPAP significantly decreased apnea and de-
saturation (Fig. 5).

Figure 6 summarizes the effects of long-term nCPAP
on cICAM-1 and cIL-8 levels. As shown, nCPAP longer
than 8 mo significantly decreased the levels of both
cICAM-1 and cIL-8 in the treated OSAS group.

Figure 7 summarizes the cMCP-1 level in the OSAS
group and normal group. The level of cMCP-1 in the

50 -
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Fig. 5. Effects of nasal continuous positive airway pressure (nCPAP)
on apnea-associated parameters, i.e., Al (A) apnea index and DM (B).

*P < 0.05 vs. baseline.
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Fig. 6. Effects of nCPAP on cICAM-1
(A) and cIL-8 (B). *P < (.05 vs. bhase-
line.

cliCAM-1{ng /ml})

Baseline

OSAS group was significantly greater than that in the
normal group.

DISCUSSION

The results of the present study demonstrate that
nCPAP decreased apnea, desaturation, and the circu-
lating ICAM-1 and IL-8 levels in the OSAS patients. In
the baseline measurements, the levels of both ICAM-1
and IL-8 in the OSAS group were significantly greater
than those in the control group. These observations
suggest that nCPAP therapy could reduce OSAS-in-
duced hypoxia and generation of inflammatory media-
tors, leading to the possible prevention of cardiovascu-
lar disorders.

Several issues warrant consideration before the re-
sults are discussed. First, we measured circulating
ICAM-1 and IL.-8 to assess the expression of cell-asso-
ciated adhesion molecule and chemokine. Whereas this
approach has been widely used (11, 20), it remains
unclear whether the circulating levels of these media-
tors might precisely reflect the real expression of mol-
ecules attached to the endothelium or leukocytes. Sec-
ond, the number of subjects in this study is relatively
low, although the characteristics of the subjects were

200 ~

%

4

100 +

cMCP-1 (pg/ml)

—

0

Control OSAS

Fig. 7. Baseline levels of circulating monocyte chemoattractant pro-
tein-1 (cMCP-1) in the control and OSAS groups. *P < 0.05 vs.
normal controls.
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well matched. Increasing the number of subjects may
be required to confirm the interpretation of the present
results, and we should acknowledge this point.

It has been recently postulated that inflammatory
process has a crucial role in the pathogenesis of ath-
erosclerosis, leading to the various cardiovascular dis-
orders (1, 9). To promote migration of leukocytes from
circulation to inflamed areas, it is essential for leuko-
cytes to adhere to vascular endothelium via adhesion
molecules (32). Especially, ICAM-1 has been reported
to play important roles in leukocyte migration to in-
flamed area (2, 3, 29). ICAM-1 is an 80- to 110-kDa
glycoprotein consisting of five immunoglobulin-like do-
mains and a ligand for LFA-1a (18, 32). It has been
demonstrated that the ICAM-1/LFA-la pathway
evolves to function in cell-cell adhesion (33) and medi-
ates various inflammatory diseases (16, 19, 21, 22, 35).
Recently, it has been reported that the circulating
ICAM-1 levels are higher in patients with ischemic
heart disease than those in controls (20). Moreover, the
circulating ICAM-1 level may indicate a risk of future
myocardial infarction, suggesting that antiadhesion
therapies can be considered as a novel therapeutic
means of cardiovascular disease (26). In the previous
study, we have demonstrated that the circulating
ICAM-1 level is significantly increased compared with
the control group, suggesting that OSAS-induced hyp-
oxia may induce the activation of ICAM-1 and the
inflammation of endothelium in patients with OSAS
(24). This observation may give rise to a hypothesis
that the therapy for OSAS might be a potential ap-
proach to prevention of cardiovascular disorders via
antiadhesion mechanism.

Recently, it has been demonstrated that 1L-8 may
play an important role in the development of athero-
sclerosis (4, 10, 31). Although monocytes contribute to
the development of atherosclerotic lesions, IL-8 is a
powerful . trigger for firm adhesion of monocytes to
vascular endothelium (10). It has been shown that
hypoxia induces expression and/or generation of IL-8
(13, 30), indicating that OSAS-associated desaturation
could lead to upregulatation of IL-8 expression. In
addition, one could presume that the effective therapy
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EFFECTS OF APNEA ON ICAM-1 AND IL-8

for OSAS may attenuate hypoxic stress, which may
prevent the development of vascular lesions via the
reduction of IL-8 production.

To treat patients with OSAS, nCPAP therapy is
widely used, because nCPAP reduces excessive day-
time sleepiness and improves quality of life (8, 27).
Based on the recent studies, beneficial effects of
nCPAP on the prognosis of OSAS-associated diseases
are anticipated, but there exists little evidence to prove
this notion. We therefore performed this study to ad-
dress the question whether nCPAP could affect physi-
ological phenomena and production of proinflamma-
tory mediators. We observed that long-term nCPAP
was effective to improve sleepiness, nocturnal apnea,
and desaturation and that the levels of circulating
mediators were reduced after nCPAP. One of the pos-
sible explanations is that nCPAP decreases hypoxic
episodes, resulting in the reduction of hypoxia-induced
inflammation and expression of ICAM-1 and IL-8. Con-
sidering the proinflammatory effects of ICAM-1 and
1L-8, the attenuated production of these mediators
- elicited by nCPAP may suggest a novel approach to
manage OSAS and prevent OSAS-associated inflam-
matory diseases.

To assess the severity of hypoxia induced by OSAS,
we used DM. Possibly, this parameter may reflect
OSAS-induced hypoxic stress more directly than Al
The usual way to assess the degree of OSAS includes
the number of apnea episodes, but DM could reflect
both decreases in Sao, and time spent below 90%.
However, to accurately analyze the hypoxic stress,
exploring other indexes of hypoxic stress may be im-
portant and helpful.

We observed that there was a significant correlation
between circulating ICAM-1 and IL-8 in the population
studied. It has been demonstrated that nuclear tran-
seription factor (NF)-«B regulates the synthesis and
expression of both ICAM-1 and IL-8 (26, 27). In addi-
tion, NF-kB is upregulated by hypoxia, leading to the
increased expression of both ICAM-1 and 11-8 (7, 37).
These reports may explain the present findings that
there were significant correlations between desatura-
tion and mediators measured.

We further investigated the level of circulating
MCP-1 in the normal and OSAS groups. Recently, it
has been reported that the level of MCP-1 is increased
in patients with coronary heart disease (14). In the
present study, we observed that the level of MCP-1 in
the OSAS group was increased compared with that of
the normal group. Possibly, the increases in the circu-
lating chemokines, including MCP-1, may play an im-
portant role in the pathogenesis in OSAS patients
complicated with cardiovascular disease.

In summary, the circulating ICAM-1, IL-8, and
MCP-1 levels increased in the OSAS patients com-
pared with the normal subjects. After nCPAP therapy,
gignificant decreases in the levels of ICAM-1 and IL-8
were observed in the OSAS group. Taken together,
0OSAS-induced hypoxia activates ICAM-1 and IL-8, re-
sulting in the important risk factor of cardiovascular
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disorders. Treatment of OSAS with the use of nCPAP
can be, therefore, a potential approach to decrease risk
of the progression of OSAS-associated disorders.

This work was supported in part by Grant-in-Aid for Scientific
Research from the Ministry of Education, Science, Sports, and Cul-
ture of Japan and by Grant-in-Aid for Comprehensive Research on
Aging and Health from the Ministry of Health, Labour and Welfare
of Japan. :
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Aoki-Nagase, Tomoko, Takahide Nagase, Yoshio Oh-
hashi, Takayuki Shindo, Yukiko Kuribara, Yasuhiro
Yamaguchi, Hiroshi Yamamoto, Tetsuji Tomita, Eijiro
Ohga, Ryozo Nagai, Hiroki Kurihara, and Yasuyoshi
Ouchi. Attenuation of antigen-induced airway hyperrespon-
siveness in CGRP-deficient mice. Am J Physiol Lung Cell Mol
Physiol 283: L963-L970, 2002. First published June 21,
2002; 10.1152/ajplung.00130.2002.—Bronchial hyperrespon-
siveness and eosinophilia are major characteristics of
asthma. Calcitonin gene-related peptide (CGRP) is a neu-
ropeptide that has various hiological actions. In the present
study, we questioned whether CGRP might have pathophys-
iological roles in airway hyperresponsiveness and eosino-
philia in asthma. To determine the exact roles of endogenous
CGRP in vivo, we chose to study antigen-induced airway
responses using CGRP gene-disrupted mice. After ovalbumin
sensitization and antigen challenge, we assessed airway re-
sponsiveness and measured proinflammatory mediators. In
the sensitized CGRP gene-disrupted mice, antigen-induced
bronchial hyperresponsiveness was significantly attenuated
compared with the sensitized wild-type mice. Antigen chal-
lenge induced eosinophil infiltration in bronchoalveolar la-
vage fluid, whereas no differences were observed between the
wild-type and CGRP-mutant mice. Antigen-induced in-
creases in cysteinyl leukotriene production in the lung were
significantly reduced in the CGRP-disrupted mice. These
findings suggest that CGRP could be involved in the antigen-
induced airway hyperresponsiveness, but not eosinophil in-
filtration, in mice. The CGRP-mutant mice may provide ap-
propriate models to study molecular mechanisms underlying
CGRP-related diseases.

asthma; bronchial hyperreactivity; eosinophilia; leukotriene;
knockout mouse

BRONCHIAL HYPERRESPONSIVENESS and inflammation, in-
cluding eosinophilia, are major characteristics of
asthma (11, 12, 23). Recent studies have shown that
various mediators, including cytokines, eicosanoids,
and adhesion molecules, are involved in the develop-

ment of asthma. Genetic features are also potentially
associated with the etiology of asthma. On the basis of
the inheritance pattern, a number of genes could have
substantial roles in the pathogenesis of bronchial
asthma (43). However, the exact molecular mecha-
nisms of bronchial asthma remain to be elucidated.

Calcitonin gene-related peptide (CGRP), a 37-amino
acid neuropeptide, has various biological actions, in-
cluding responses to sensory stimuli, cardiovascular
regulation, and vasodilation (2, 3, 19, 20). CGRP be-
longs to the calcitonin family of peptides, which in-
cludes calcitonin, amylin, and adrenomedullin. The
calcitonin receptor-like receptor functions as a CGRP
receptor in the presence of receptor activity-modifying
protein 1 (RAMP1) (24). There are two CGRP isoforms:
a-CGRP, which is present in the central and peripheral
nervous system (42), and -CGRP, which is expressed
in specific neuronal sites (1). It has been shown that
CGRP, a potent vasodilator (22), modulates hypoxic
pulmonary vasoconstriction (17). Recent studies using
genetically engineered mice have shown that CGRP-
knockout mice exhibit increased blood pressure and
overactivation of the sympathetic nervous system (38).

In the respiratory system, CGRP ig synthesized by
sensory C-fibers throughout the respiratory tree (47).
CGRP is also found in neuroepithelial cells of the lung
and coexists with tachykinins in many airway sensory
nerves (20), and CGRP receptors have been found to
densely populate lung vessels (17). In terms of its
physiological role, it has been reported that CGRP
potently constricts airway smooth muscle in humans
(39) and guinea pigs (41). In addition, it has been
shown that CGRP has a significant role in eosinophilia
in allergic inflammation (7, 37). On the basis of these
observations, it is assumed that CGRP might be in-
volved in the pathogenesis of bronchial asthma.,

In the present study, we questioned whether
a-CGRP might have pathophysiological roles in airway
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hyperresponsiveness and eosinophil infiltration, which
are hallmarks of bronchial asthma. To determine the
exact roles of a-CGRP in vivo, we chose to study the
airway responsiveness and eosinophilia in «-CGRP
gene-disrupted mice, which have been recently estab-
lished (38). After sensitization and antigen challenge,
we assessed airway responsiveness and measured
proinflammatory mediators.

METHODS

Mice. x-CGRP-null mice were established as previously
reported (38). Briefly, the mouse CT/ ¢-CGRP genomic DNA
was cloned from a BALB/c mouse genomic library in EMBL3
using synthetic oligonucleotide probes derived from the
mouse CT/ a-CGRP cDNA sequence. A 7.0-kb fragment con-
taining exons 3-5 of the mouse CT/a-CGRP gene was sub-
cloned into pBluescript (Stratagene). A targeting vector was
constructed by replacing the 1.6-kb Xbal-Xbal fragment en-
compassing exon 5, which is specific for a-CGRP, with the
neomycin resistance gene, and flanking the thymidine kinase
gene. This plasmid was linearized with NotI and introduced
into 129/Sv-derived SM-1 ES cells by electroporation; then
the cells were selected in medium containing G418 and
ganciclovir. Homologous recombinants were identified by
PCR and Southern blot analysis. Targeted ES cell clones
were injected into CH7BL/6 mouse blastocysts to generate
chimeric mice. Male chimeras were then cross bred with
CH7BL/6 females, and germline transmission was achieved.
Mice heterozygous for «-CGRP-mutant allele with the ge-
netic background of the 129/Sv X C57BL/6 hybrid were
mated. Offspring were genotyped at 4 wk of age. For geno-
typing, genomic DNAs were isolated from biopsied tail and
subjected to PCR amplification. The animals were main-
tained on a 7:20-h light-dark cycle at 23°C. Mice were fed a
standard laboratory diet and water ad libitum. Mutant mice
(a-CGRP~/~) and their littermate controls (a-CGRP™*) were
used in the present study.

Sensitization and antigen challenge. Mice were sensitized
with an intraperitoneal injection of 0.5 ml of a solution
containing 0.1 mg of ovalbumin (OA) complexed with alumi-
num hydroxide (2 mg/ml). On day 8, the mice were boosted
with the same mixture. On day 12, these sensitized mice
were challenged for 30 min with 1% OA in saline aerosol
generated with an ultrasonic nebulizer (Ultra-Neb100, De-
Vilbiss, Somerset, PA). Control mice received an intraperito-
neal injection of saline and saline aerosols in the same
manner. Three days after the aerosol challenge, we measured
bronchial responsiveness or performed bronchoalveolar la-
vage (BAL).

Animal preparation. Animals were anesthetized with pen-
tobarbital sodium (25 mg/kg ip) and ketamine hydrochloride
(25 mg/kg ip) in combination and then paralyzed with pan-
curonium bromide (0.3 mg/kg ip). Anesthesia and paralysis
were maintained by supplemental administration of 10% of
the initial dose every hour. After tracheostomy, a metal
endotracheal tube (1 mm ID, 8 mm long) was inserted in the
trachea. Animals were mechanically ventilated (model 683,
Harvard Apparatus, South Natick, MA) with tidal volumes of
10 mVkg and frequencies of 2.5 Hz. The thorax was widely
opened by means of a midline sternotomy, and a positive
end-expiratory pressure of 2 cmH,0 was applied by placing
the expired line under water. During the experiments, Oz gas
was continuously supplied to the ventilatory system. Under
these ventilatory conditions, arterial pH, Pog, and Pcog were
7.35-7.45, 100-180 mmHg, and 30—45 mmilg, respectively,
at the end of experiments (Compact 3 blood gas analyzer,
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AVL Medical Systems). A heating pad was used to maintain
the body temperature of animals.

Tracheal pressure was measured with a piezoresistive
microtransducer (model 8510B-2, Endevco, San Juan Capi-
strano, CA) placed in the lateral port of the tracheal cannula.
Tracheal flow was measured by means of a Fleisch pneumo-
tachograph (Metabo, Lausanne, Switzerland). All signals
were amplified, filtered at a cutoff frequency of 100 Hz, and
converted from analog to digital with a converter (model
DT2801-A, Data Translation, Marlborough, MA). The signals
were sampled at a rate of 200 Hz and stored on an IBM-AT-
compatible computer. Lung resistance (RL) and elastance
(EL) were measured as previously described (27, 31, 32).

Airway responsiveness to 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 challenged with saline aerosol for 2 min.
Aerosols were generated by an ultrasonic nebulizer and de-
livered through the inspiratory line into the trachea. Mea-
surements of 10-s duration were sampled during tidal venti-
lation 1 min after administration of saline aerosol. This
represented the baseline measurement. Then each dose of
methacholine (MCh) aerosol was administered for 2 min in a
dose-response manner (0.625-20 mg/ml). Airway responsive-
ness was assessed using the concentration of MCh required
to increase RL ta 200% of baseline values (30).

BAL fluid. BAL was performed [6 times with 1 ml of
phosphate-buffered saline (PBS)] in each group. In each
animal, 90% (4.5 ml) of the total injected volume was consis-
tently 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 (29, 34, 35). The
supernatant was stored at —70°C until assays were per-
formed. The concentration of protein was measured by
Lowry’s method, with bovine serum albumin as a standard.

Assay of IgE in BALF. Igh levels in the BALF were deter-
mined using ELISA kits (Amersham Pharmacia Biotech,
Piscataway, NJ). The detection limit of the ELISA assays for
IgE was 10 ng/ml.

Assay of thromboxane and leukotriene in. BALF. Throm-
boxane (Tx) As (TxAp, measured as TxBs) and leukotriene
(LT) C4/Dy/E4 were determined using enzyme immunoassay
(EIA) kits (Amersham Pharmacia Biotech). The detection
limits of the EIA assays for TxBs and LTC4/Dy/E, were 3.6
and 10 pg/ml, respectively.

Assay of endothelin-1 in BALF. Endothelin-1 (ET-1) levels
in the BALF were determined using EIA kits (IBL, Fujioka,
Japan). The detection limit of the EIA assays for ET-1 was
0.78 pg/ml.

Assessment of CGRP immunoreactivity. In each group, the
lungs of the mouse were removed intact and fixed with 10%-
formalin. After fixation, the tissue blocks obtained from mid-
sagittal slices of the lungs were embedded in paraffin. Blocks
were cut 4 pm thick by using a microtome. The preparations
were processed for immunostaining by means of the avidin-
biotin-peroxidase complex method. The slides were deparaf-
finized in a xylene bath and dehydrated in ethanol. Endoge-
nous peroxidase activities were blocked by treatment with
0.6% H30s in 100% methanol for 30 min at room tempera-
ture. The primary antibody, rabbit anti-CGRP (rat) IgG (Pen-
insula Laboratories, San Carlos, CA), was diluted 1:200 in
10% FCS-PBS and added to the preparations overnight in a
cold room. After six washes with PBS, the preparations were
exposed to biotin-bound goat antiserum against rabbit IgG as
the second antibody for 60 min at room temperature (Hist-
ofine, Nichirei, Tokyo, Japan). After the slides were washed
with PBS, the tissues were incubated in horseradish peroxi-
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dase-bound streptavidin for 45 min (Histofine). The peroxi-
dase reaction was performed with 3,3'-diaminobenzidine tet-
rahydrochloride as a chromogen (Vector Laboratories,
Burlingame, CA).

Sections were screened and graded using the immunore-
activity score by two observers who were blind to the status
of the specimen (5, 21). Visual assessments of the density of
CGRP immunoreactivity were graded from none {score = 0)
to abundant (score = 4). To examine the location of CGRP
immunoreactivity, we analyzed large airways (airway diam-
eter >0.2 mm), small airways (airway diameter <0.1 mm),
and lung parenchyma. The scores represent the density of
CGRP-immunoreactive cells and tissues that might include
nerves, ganglia, and neurcepithelial bodies (NEBs) (5). In
terms of the reproducibility of this assessment, inter- or
intracobserver variances were not significant.

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

Data analysis. Comparisons of data among the experimen-
tal groups were carried out with ANOVA (Scheffé’s test).
Values are means = SE. P < 0.05 was taken as significant.

RESULTS

Airway responsiveness to MCh administration.
There were no significant differences in baseline RL
and E1 among each group. MCh dose-response curves
for RL and Er are demonstrated in Figs. 1 and 2,
respectively.

Airway responsiveness was assessed using the MCh
concentration required to increase RL to 200% of base-
line: 17.4 = 1.8 and 17.6 = 1.4 mg/ml for saline-treated
a-CGRPY* and a-CGRP™/'~, respectively, and 6.9 +
1.3 and 16.5 = 1.5 mg/ml for OA-treated a-CGRP*/*
and o-CGRP™/~, respectively (P < 0.05, OA-treated
a-CGRP™* vs. other groups). Although bronchial hy-
perresponsiveness to MCh was observed in the OA-
challenged wild-type mice, responses in the QA-chal-
lenged o-CGRP~/~ mice were significantly reduced
compared with the OA-challenged wild-type group.

Assessment of the BALF. Antigen exposure increased
protein amount in BALF, although there was no dif-

2.0
1.8-
—0— +/+ Saline #
1.6 —€— /. Saline
0 == +/+ OA
® ]
E 14 g - OA #
1.2
Q
T 1.0
# 06
0.4
0.2+
0.0 T T T T T T 1
SAL 0625 125 25 5 10 20
MCh (mg/ml)

Fig. 1. Methacholine (MCh) dose-response curves for lung resistance
(RL) in wild-type (+/+) mice and mice deficient in the a-isoform
(~/=) of calcitonin gene-related peptide (a-CGRP) (n = 7-9). #P <
0.05 compared with other groups. OA, ovalbumin.

401 —0— +/+ Saline
—@— ./. Saline
—O+/+ OA
_..E~
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Fig. 2. MCh dose-response curves for lung elastance (EL) in wild-

type and o-CGRP-deficient mice (n = 7-9). # P < 0.05 compared with
other groups. :

SAL  0.625

ference between the wild-type and mutant mice (Fig.
3). Total cell counts and cell fractions in BALF are
shown in Table 1, indicating the increases in the total
cell number in the OA-sensitized groups. OA challenge
induced eosinophil infiltration, whereas no differences
in the fraction and number of BALF eosinophils were
observed between the wild-type and a-CGRP™~ mice.

The IgE levels were significantly greater in OA- than in
saline-treated mice. However, there were no significant
differences between the wild-type and o-CGRP~'~ mice
(Fig. 4).

Measurements of thromboxane, leukotriene, and
ET-1in BALF. There were no significant differences in
BALF TxBs among the groups: 0.140 * 0.047 and
0.135 = 0.076 ng in saline-treated «-CGRPY* and
a-CGRP~'~, respectively, and 0.423 = 0.204 and 0.498 +
0.262 ng in OA-treated o-CGRP*'* and o-CGRP™',
respectively. »

BALF LTC4«/D4/E4 was significantly greater in OA-
treated CGRP*'* mice than in any other group (Fig. 5).

0.4 9

(=]
(2]
It

0.1 4

Total Protein in BAL (mg)
Y

+{+ o=

+[+ of=

Saline OA

Fig. 3. Roles of CGRP in antigen-induced protein leakage. Protein
leakage is assessed by total protein amount in bronchoalveolar
lavage (BAL) fluid in wild-type and a-CGRP-deficient mice (n = 4~6).
#P < 0.05 compared with saline groups.
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Table 1. Total cell counts and cell fractions in BALF

ATRWAY RESPONSIVENESS IN CGRP-DEFICIENT MICE

Total Cell Polymorphonuclear
Counts, X105 Macrophages, % Lymphocytes, % Eosinophils, % Neutrophils, %

Saline

+/+ 1.04+0.05 94.5+0.3 5.1+x0.4 1x0.1 0.3+£0.3

-/~ 1.01+0.07 94.8x0.3 4.9+0.3 iO 1 0.3+0.3
Ovalbumin

+/+ 5.83+1.26* 64.3+9.7 * 3.5+04 31.5+10.0* 0.8+£0.2

~/= 5.84*+0.61% 62.9+10.7* 3.7+0.8 32.7x11.0* 0.8+£0.3

Values are means + SE. BALF, bronchoalveolar lavage fluid. *P < 0.05 compared to saline groups.

Meanwhile, LTC4/D4/E4 was reduced to the same level
in antigen-treated CGRP~/~ mice and the saline-
treated groups.

There were no differences in BALF ET-1 among the
groups: 1.35 = 0.32 and 1.01 = 0.11 pg in saline-
treated a-CGRP™* and o-CGRP~'~, respectively, and
2.03 = 0.38 and 2.70 = 0.60 pg in OA-treated
a-CGRP™* and a-CGRP™'~, respectively.

Assessment of CGRP immunoreactivity. Figure 6
demonstrates the immunohistochemistry of CGRP in
large airways. In the OA-sensitized wild-type mouse,
significant immunoreactivity for CGRP was observed
in the airway epithelium and submucosa, while the
immunostaining was modest in the saline-treated
wild-type animal. On the other hand, there was little
CGRP immunoreactivity in saline- or OA-treated
a-CGRP™/~ mice. In small airways and lung paren-
chyma, little CGRP immunoreactivity was observed in
each experimental group (Fig. 7). Table 2 summarizes
the visual assessment of CGRP immunoreactivity in
each group. In airway epithelium, submucosa, and
smooth muscle of large airways, the scores were signif-
icantly higher in OA-treated CGRP™* mice than in
any other group, although there were marked differ-
ences between «-CGRP™" and «-CGRP™/~ mice.
Meanwhile, the scores were much lower in peripheratl
airways and lung parenchyma than in large airways in
the wild-type mice.

DISCUSSION

The results of the present experiments show that
antigen-induced bronchial hyperresponsiveness was

# #

200 1

100 4

IgE in BAL (ng)

+[4 - +/+ ==

Saline OA

Fig. 4. IgE levels in BAL fluid in wild-type and «-CGRP-deficient
mice (n = 4-6 ). #P < 0.05 compared with saline groups.

significantly reduced in CGRP-deficient mice. Mean-
while, eosinophil infiltration elicited by antigen chal-
lenge was unaffected by disruption of the CGRP gene.
Antigen-induced increases in BALF LTC4/D4/E, were
significantly attenuated in o-CGRP-disrupted mice.
These findings suggest that CGRP could be involved in
the antigen-induced airway hyperresponsiveness, but
not eosinophil infiltration, in mice.

CGRP has pleiotropic and pathophysiological effects
on various cells and organs (3, 44). CGRP exerts tro-
phic effects on skeletal muscle and vascular smooth
muscle (3). CGRP also modulates some macrophage
functions, including antigen presentation (13, 36). In
the respiratory system, CGRP is synthesized by sen-
sory C-fibers in the respiratory tree (47). However, the
pathophysioclogical roles of CGRP in the lung have not
been determined. Palmer et al. (39) demonstrated that
CGRP potently constricts human airway smooth mus-
cle. On the other hand, recent studies have reported
that CGRP acts as a potent inhibitor of responses
elicited by bronchoconstrictive stimuli (4, 33). Regard-
ing eosinophil chemotaxis, Numao and Agrawal (37)
reported that neuropeptides, including CGRP, may
play a significant role in eosinophil infiltration by
priming cells in allergic inflammation. Meanwhile,
Teixeira et al. (46) demonstrated that CGRP has little
effect on eosinophil accumulation in guinea pig skin. In
the present study, we hypothesized that CGRP could

LTC,D,E, in BAL (ng)

++ -

+f+ /=

Saline OA

Fig. 5. Leukotriene (LT) C4/D4/Ey levels in BAL fluid in wild-type
and «-CGRP-deficient mice (n = 4~6 ). *P < 0.05 compared with
sensitized wild-type mice. #P < 0.05 compared with saline groups.
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play a significant role in the underlying mechanism of
asthma. To test this hypothesis, we studied the allergic
pulmonary responses using a-CGRP gene-disrupted
mice, which have been recently established by Oh-
hashi et al. (38).

Allergen-induced airway hyperresponsiveness was
significantly attenuated in the a-CGRP-deficient mice,
suggesting that the existence of CGRP per se might be
associated with bronchial hyperresponsiveness, which
is a major trait of asthma (11, 12, 23). To our knowl-
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Fig. 6. Photomicrographs of CGRP im-
munchistochemical staining in large
airways from saline-treated wild-type
(4), saline-treated «-CGRP-deficient
(B), OA antigen-treated wild-type (C),
and OA antigen-treated a-CGRP-defi-
cient (D) mice. Arrowheads, CGRP im-
munoreactivity. Immunoreactivity for
CGRP was increased in antigen-
treated wild-type mice (C) compared
with unsensitized control (A). There
was little immunostaining for CGRP in
a-CGRP-deficient mice (B and D).
Specimens were counterstained with
hematoxylin. Scale bar, 50 pm.

edge, this is the first report to use mutant mice to study
whether the CGRP gene and endogenous CGRP could
be involved in the airway hyperresponsiveness. Re-
cently, using a pharmacological approach, Dakhama et
al. (6) found that exogenous administration of CGRP to
sensitized and challenged mice results in the normal-
ization of airway responsiveness. However, the exact
mechanism 1o explain the involvement of CGRP in
airway hyperresponsiveness remains to be clarified. In
the present study, the molecular and pathophysiologi-

Fig. 7. Photomicrographs of CGRP im-
munohistochemical staining in small
airways and lung parenchyma: from sa-
line-treated wild-type (4), saline-
treated a-CGRP-deficient (B), OA. anti-
gen-treated wild-type (C), and OA
antigen-treated «-CGRP-deficient (D)
mice, There was little immunostaining
for CGRP in each group. Specimens
were counterstained with hematoxylin,
Scale bar, 50 pm.
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Table 2. Visual assessment of airway CGRP immunoreactivity using immunoreactivity scores

Large Airways
Epithelium Submucosa Smooth muscle Small Airways Lung Parenchymea

Saline

+/+ 1402 1.4+0.2 0.8x0.1 0.4+0.2 0.0+0.0

—~/— 0.2+0.2% 0.2+0.2% 0.0x0.0 0.00.0% 0.0+0.0
Ovalbumin

+/+ 2.6x£0.27 2.4+£0.2% 2.1x0.1% 0402 0.2+0.2

—/— 0.2+£0.2* 0.4x0.2% 0.1x0.1%* 0.0+0.0* 0.0%£0.0

Values are means = SE. CGRP, calcitonin gene-related peptide, *P <

galine groups.

cal mechanisms underlying airway hyperresponsive-
ness were further examined using CGRP-mutant mice.

One of the possible mechanisms is that CGRP and
CGRP gene expression might affect airway inflamma-
tion, including eosinophilia, after antigen challenge.
Airway eosinophilia is one of the common features in
asthmatic patients and could be involved in bronchial
hyperresponsiveness (11, 23). In the present study,
however, no significant difference in BALF eosinophil
counts was obsérved between the wild-type and CGRP-
deficient mice. These results suggest that disruption of
the CGRP gene has little effect on antigen-induced
airway eosinophilia in mice. Although the sequence of
rodent CGRP contains the tetrapeptide eosinophil che-
motactic factor, the effect of CGRP on airway eosino-
phil infiltration is not remarkable in the present
model. Therefore, CGRP-dependent airway hyperre-
sponsiveness might not be mediated by eosinophilia.

Possibly, immunization provoked by antigen chal-
lenge might be affected by modulation of the CGRP
gene. However, increased Igk levels after antigen chal-
lenge were observed in both groups, whereas there
were no significant differences in measured IgE levels
between the wild-type and CGRP-deficient groups. Al-
veolar protein leakage or airway mucus secretion as-
sessed by BALF protein was consistent with the results
of IgE measurement in this study. These findings in-
dicate that modulation of the CGRP gene might not
affect the mechanism of IgE production.

Recently, it has been shown that bronchial asthma is
related to the generation of various potent mediators,
including thromboxane, leukotiriene, and ET-1 (28, 45,
49). These mediators are reported to be involved in
airway hyperresponsiveness (28), Cysteinyl leukotri-
enes (LTCy, LTD,, and LTEY) are reported to be among
the most important targets for ftreating bronchial
asthma. It has been shown that administration of cys-
teinyl leukotriene antagonist reduces antigen-induced
airway hyperresponsiveness (10, 49) and the increases
in airway smooth muscle after antigen exposure (49).
Irvin et al. (14) demonstrated that antigen-induced
alrway hyperresponsiveness is significantly decreased
in 5-lipoxygenase-deficient mice, suggesting the impor-
tant role of leukotrienes in development of airway
hyperresponsiveness. The potential sources of cystei-
nyl leukotrienes in the lung include alveolar macro-
phages, eosinophils, basophils, mast cells, and plate-
lets (40). The proinflammatory activities of cysteinyl

0.05 compared with wild-type (+/+) groups. 1P < 0.05 compared with

leukotrienes, including bronchoconstriction, mucus se-
cretion, and plasma exudation, are mediated via the
interaction with its receptor, the CysLT; receptor (9).
In humans, it has been recently demonstrated that the
CysLTy receptor is expressed in lung smooth muscle,
lung macrophages, and peripheral blood leukocytes,
while the identification of the CysL'T; receptor is con-
sistent with the anti-inflammatory actions of CysLT;
receptor antagonists (9).

Potentially, genetic disruption of the CGRP gene
may modulate the production levels of various potent
mediators. We therefore measured possible mediators
in the BALF and found that the production of cysteinyl
leukotrienes was enhanced in the sensitized wild-type
mice. In contrast, the level of cysteinyl leukotrienes
was significantly reduced in the sensitized CGRP-defi-
cient mice. There were no significant differences in
thromboxane or ET-1 in each group. These observa-
tions indicate that CGRP gene disruption might inhibit
the production of cysteinyl leukotrienes, which could
be associated with reduced airway hyperresponsive-
ness. Meanwhile, after antigen challenge of wild-type
and CGRP-deficient mice, there were no significant
differences in the number of alveclar macrophages or
eosinophils, 1.e., potential sources of cysteinyl leukotri-
enes. One of the possible mechanisms to explam this
observation is that CGRP might be involved in activa-
tion of the 5-lipoxygenase pathway.

In the present study, we used mutant mice deficient
in a-CGRP but not B-CGRP. Therefore, these mutant
mice should express B-CGRP. Because the a-CGRP
antibody used in this study cross-reacts with R-CGRP
(79%), the CGRP immunoreactivity represents
a-CGRP and, similarly, B-CGRP: The very small
amounts of CGRP immunoreactivity in the mutant
mice may indicate B-CGRP expression in the lung. It
has been previously reported that a-CGRP concentra-
tions are approximately four times greater than
B-CGRP concentrations in the rat lung, whereas in the-
intestine, B-CGRP concentrations are up to seven
times greater than a-CGRP concentrations (26). Pre-
sumably, it seems that B-CGRP expression in the lung
might not be affected by disruption of the a-CGRP gene
in mice.

In the wild-type mice, we observed substantial
CGRP immunoreactivity in the epithelium and submu-
cosal tissues in large airways but not in small airways
or parenchyma. Presumably, CGRP-immunoreactive
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cells and tissues include nerve fibers in submucosal
tissues, whereas airway epithelium contains nerves
and NEBs. Terada et al. (47) reported that nerve plex-
uses of CGRP-immunoreactive fibers are located in the
basal part of the rat tracheal epithelium. These CGRP-
immunoreactive intraepithelial nerves lack myelin
and Schwann sheaths and run through the bases of
the epithelial cells (47). In this study, the CGRP
immunoreactivity in large airway epithelium was
remarkable, and it was enhanced by antigen chal-
lenge. These observations suggest that the epithe-
lium of central airways, including nerves and NEBs,
may have a significant role in antigen-induced air-
way hyperresponsiveness. Meanwhile, it is assumed
that the contribution of peripheral airways and pa-
renchyma to CGRP-related airway physiology is
small.

Recently, Dakhama et al. (68) showed that CGRP
expression was diminished in airway epithelium and
submucosal nerve plexuses only after the third OA
challenge, although CGRP depletion did not occur after
the single antigen exposure. In our study, however, the
single antigen challenge enhanced CGRP immunore-
activity in large airways in the wild-type mice, whereas
little CGRP immunoreactivity was observed in CGRP-
deficient mice in the absence or presence of antigen
challenge. The present findings suggest that endoge-
nous CGRP per se may be related to the development of
antigen-induced airway hyperresponsiveness.

Genetic features, including single-nucleotide poly-
morphism, are potentially associated with the etiology
of asthma. On the basis of the inheritance pattern, a
number of genes could have substantial roles in the
pathogenesis of bronchial asthma (43). Murine models
of asthma have been recently used to investigate indi-
vidual genes associated with airway hyperresponsive-
ness (8, 15, 16, 18, 31, 48). Because CGRP is one of the
potent mediators possibly involved in bronchial
asthma (39), genes regulating the function of CGRP,
calcitonin receptor-like receptor, and RAMP1 could be
‘targets to study the pathogenesis of asthma. Consis-
tently, the present observations suggest that a-CGRP
and the o-CGRP gene play significant roles in the
molecular mechanism underlying bronchial asthma,
indicating that the «-CGRP gene could be a target
for single-nucleotide polymorphism research. The
a-CGRP-mutant mice used in this study may contrib-
ute to the study of the genetic roles of a-CGRP in
bronchial asthma and may provide novel insights into
the pathophysiological roles of «-CGRP and the
a-CGRP gene in vivo.

In summary, reduction of antigen-induced airway
hyperresponsiveness was detected in a-CGRP-deficient
mice. Meanwhile, eosinophilic infiltration associated
with antigen exposure was not altered by disruption of
the a-CGRP gene. Antigen-induced increases in cystei-
nyl leukotriene production were significantly reduced
in a-CGRP-disrupted mice. Disruption of the a-CGRP
gene might inhibit production of cysteinyl leuko-
trienes, which could be associated with reduced air-
way hyperresponsiveness. Antigen challenge en-
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hanced CGRP immunoreactivity in the wild-type
mice, whereas little CGRP immunoreactivity in epi-
thelium or submucosa was observed in «-CGRP-
deficient mice. These findings suggest that endoge-
nous CGRP may be involved in development of
antigen-induced airway hyperresponsiveness. Taken
together, CGRP and CGRP gene expression might be
involved in the pathogenesis of bronchial asthma by
acting as a mediator. The CGRP-mutant mice may
provide appropriate models to study molecular and
pathophysiological mechanisms underlying diseases
related to CGRP.
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Identification of Multiple Novel Epididymis-Specific 3-Defensin
Isoforms in Humans and Mice®

Yasuhiro Yamaguchi,* Takahide Nagase,” Ryosuke Makita,* Shigetomo Fukuhara,*
Tetsuji Tomita,” Takashi Tominaga,* Hiroki Kurihara,”* and Yasuyoshi Ouchi’

Defensins comprise a family of cationic antimicrobial peptides that are characterized by the presence of six conserved cysteine
residues. We identified two novel human B-defensin (hBD) isoforms by mining the public human genomic sequences. The pre-
dicted peptides conserve the six-cysteine motif identical with hBD-4, termed hBD-5 and hBD-6. We also evaluated the charac-
teristics of the mouse homologs of hBD-5, hBD-6, and HE2f1, termed mouse B-defensin (mBD)-12, mBD-11, and mouse EP2e
(mEP2e). The mBD-12 synthetic peptide showed salt-dependent antimicrobial activity. We demonstrate the epididymis-specific
expression pattern of hBD-5, hBD-6, mBD-11, mBD-12, and mEP2e, In situ hybridization revealed mBD-11, mBD-12, and mEP2e
expression in the columnar epithelium of the caput epididymis, contrasting with the predominant expression of mBD-3 in the
capsule or septum of the whole epididymis. In addition, the regional specificity of mBD-11, mBD-12, and mEP2e was somewhat
overlapping, but not identical, in the caput epididymis, suggesting that specific regulation may work for each member of the
B-defensin family. Our findings indicated that multiple B-defensin isoforms specifically and cooperatively contribute to the innate

immunity of the urogenital system. The Journal of Immunology, 2002, 169: 2516-2523.

six specific cysteine residues and can be divided into the

- and B-defensin subfamilies. Three human a-de-
fensins, human neutrophil peptides (HNP)3-1, -2, and -3, were iso-
lated from human neutrophils and showed broad-spectrum microbi-
cidal activity (1). The first mammalian S-defensin was discovered
from the bovine respiratory tract, named tracheal antimicrq]ﬁal pep-
tide (2). Subsequently, lingual antimicrobial peptide was isolated from
the bovine tongue (3).

Four human B-defensin (hBD) isoforms have been identified to
date: hBD-1, -2, -3, and -4 (4-7). HE21, identified as one major
splicing variant of the human EP2 gene, also contains the specific
cysteine motif (8—11). All hBDs show potent antimicrobial activ-
ity, especially against Gram-negative bacteria, whereas the func-
tion of HE2B1 had not been confirmed (5-7, 12-14). In mice,
mouse B-defensin (mBD)-1, -2, -3, -4, -5, -6, -7, -8, -9, -11, -13,
and -35 have been identified at the National Center for Biotech-
nology Information (NCBI) gene bank, although the characteristics

D efensins are cationic antimicrobial peptides that include
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of mBD-5, mBD-9, mBD-11, mBD-13, and mBD-35 have not
been published (15-21). mBD-1 and mBD-3 are regarded as
mouse homologs of hBD-1 and hBD-2, respectively, and also
showed antimicrobial activity (16, 18). hBD-1, hBD-2, and hBD-3
showed the widespread distribution in various organs like urogen-
ital tissues, skin, respiratory tracts, intestinal tracts, testis, and pla-
centa (22-26). Although the tissue distribution of mBD-5, mBD-7,
mBD-8, mBD-9, mBD-11, mBD-13, and mBD-35 have not been
evaluated in mice, the other known mBD isoforms also show the
expression in multiple tissues, such as kidney, esophagus, tongue,
trachea, and skeletal muscle (15-20).

Furthermore, the novel antimicrobial peptide Binlb was identi-
fied in the rat epididymis and its putative amino acid sequence is
included the conserved six-cysteine motif (27). Binlb is partially
homologous with HE2B1 and more homologous with the chim-
panzee epididymal protein EP2E in its amino acid sequence (28).
Interestingly, Binlb showed no expression in the other major or-
gans, such as the lung or kidney. Subsequently, hBD-4 cDNA was
identified and its expression was also almost confined to the testis
with much lower expression in the gastric antrum (7). These two
isoforms are unique in their confined expression pattern.-

Because the defensin genes comprise a large gene cluster in
chromosome 8, the genomic sequence is useful to identify novel
defensin genes (11, 29, 30). Recent reports indicate the presence of
=>25 human or mouse genes that could be encoding B-defensin
peptide, although the characteristics of these genes have not been
evaluated well (31). In this work we report the peculiar character-
istics of multiple epididymis-specific B-defensin isoforms in hu-
mans and mice, including two novel hBD isoforms, named hBD-5
and hBD-6, and two novel mBD isoforms, named mBD-12 and
mouse EP2e (mEP2¢), respectively.

Materials and Methods

Cloning of hBD-5 and hBD-6 ¢DNA

We obtained the nucleotide sequence of the human genome around the
B-defensin gene cluster in chromosome 8 from the NCBI public database

(NT_019483). This sequence was translated in all six possible reading
frames and was searched for the specific cysteine pattern; multiple possible
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