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The involvement of central x-opioid receptors and glucocorticoid receptors
in psychological stress-induced asthma exacerbation
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Stress and other psychological factors have long been etiologically demonstrated to be
associated with asthma symptoms. We recently reported that z-opioid receptors (MORs)
were involved in asthma exacerbations caused by psychological stress in a murine asthma
model. On the other hand, MOR activation in central nervous system (CNS) by
psychological stress can stimulate hypothalamus-pituitary-adrenal (HPA) axis, resulting in
the release of glucocorticoid. Glucocorticoid has been reported to shift the immune response
from helper T (Th) 1 to Th2. These findings led us to hypothesize that psychological stress-
induced exacerbations of asthma was attributable to cortisol release due to HPA axis
stimulation via the activation of MOR in CNS. Female C57BL/6 mice sensitized with
ovalbumin were exposed to chronic restraint stress as psychological stress. Either intra-
cereberoventricular administration of an MOR antagonist or systemic administration of a
glucocorticoid receptor antagonist during stress exposure abolished stress-induced
exacerbation of airway inflammation. On the other hand, the elevation of stress-induced
plasma corticosterone level was not affected by the administration of the MOR antagonist to
CNS, and observed also in MOR knockout mice. These results suggest that both MOR in CNS
and glucocorticoid are involved in the psychological stress-induced exacerbation of allergic
airway inflammation, but the sress-induced HPA axis stimulation did not depend on MOR

activation in this model.
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RIEA AT — FEDRFP—EITHS V. Th
MilElE, y -interferon (IFN-y ) X IL-2 2 &%
A LR SeE RS54 4 Thl Ml &,
W SR RS (CBE 5-4 4 Th2 fifg oo s
5. Th2 %4 NI A4 I3k, B2 IgE Hifko
BEAEEMEL, 512, FBRHOBHTOS
1t - HFEDOIEAE B L OF IR C o E A
595, 7LUVF—PEIEIX, Thl & Th2 ®
NG VAP, Th2 BOIE VB 5 2
CIENRBIBEEZLNT VD 29,
EAEDLYEZ FOEEEICB VT EDHIE
FIGAFICHEML TWwb Y, ZOERICOHETE
KA PVA, $LbbREMBANLAIZLS
A ML ARmBOBMASEHFESN TS Y, &
7z, WBILCRIRS LWL 0N, KT
EBHEMEO=ZRFRICFERY:, @57 &IkIZA
FUABETON TS, 2LC, WMEBELD
TR MHA PN L AL 27 LV EE
DREZWFOEALPHES LIZEN TV 5,
W B DEETIE, KEOCHRE & W) By
A N L ADYIL-5 Toie % A o 7208 O IF BBk N
ZHlZRIL, RERETELSCLHBAT
ELTHEEL) DLWV IEDSH S 9. BT
TN IATH, M A NV ADORARIZLD,
PRI AR, BHEMERES & CIFERERE DN,
SFOEBBEDTTHED A LN D ™8 T L DR SN
Twa, L7L, AMLADPWPIZL TRERE
ZEALSELOPEIHSNIZSN TV,
ANV ARRIERS ZEHT 58 L LT,
hypothalamic-pituitary-adrenal axis (HPA &)
R IEMFER (sympathetic nervous system;
SNS) ##® %. SNS DFIHIZ LY, Ml ¥ /¥
RN D EBEMELHD VT FLF )
VEBEZZ TR, RIBEMEL,ST FLFY Y
OB BIL 9. h57a5 3L, RELE
% Th2 BT 7 FEFDLT e T
519, HPA ROEHALIC X W EEEE S N/- 7 v o
I)F 34 N Thl ~O5 b2 k4 5 2 L1
LD REILEE Tha B~ 7 h&ELZ &
BHHN TG 9, —J A b L AFHR FER
Dp-FELF A FZEAE (MOR) %4 LT HPA
REWEEILT 5. MOR I HAEMRR L 5

LTWDA, FlA L AL YR TET
® MOR OIEMEAL A HPA 20 L # 5 &R 2
LZVvaanvFad FOGWE T 5 1w,
MBPEA b L AERIC X B PSRE S o Thl
A+ H AV REAIMHIEA A MOR K48 (MORKO)
TTATHONWIZ ERHFEESN TS 14,
F oA LA, mEET VT A% vz
BIZBWT, BUHEAN VAL ARBERIEDE
b, PURFFREY Th2 S D ITLHE DY MORKO ~ 7
ATHLNL D olz18) TEhs, hEEIC
MOR 2S5 L TWwWb Z &SN L7,
DB X by, 8MA ML AT X B R IRMER
MOR D& b2 HPA REM L ZE SR L,
T XY WA TTES N L S vaanvFad
R EOEAICEE L Twa &) RS % L
Tl CORFEOBAEXBHE LT, WBEET
W IAEHCTEEA ML AR TICBIT 3,
MORT7 Y ¥ TZA MBI/ NVaaNFaq R
SHME (GR) Ty T=A MESORBEREIC
FORCIVeS 7 K WA

2. XBMHEBIVTE

2—1. R

EKERIZIX, 6~ 8D C57BL/6 (B6) %
(BERZ VL7, ®XE, BAR) BLXUMOR XE
B6 ;& (MORKO) '¢ (RALKFAZEFLIES R
FERHIB AR A 4 W R — BB X 0 4
5) MR~ A RME L7, B ERIC A
T2 FCTHIEY A 2L 12 B (B 7:00 ~
19:00, HEH] 19:00 ~ 7:00), w22 +2C O—%F
REETCTIHABU AT L CER L, &8, &
PIIZRBEEADO~ 7 ARERSER (BRZ L 7)
B LR EADKEKRE BHICER S 7, &
BRI BB RSB EBHR S 15 > T o 72,

2—2. BEARMLZ

T E 7V OVER L, Okuyama 5 O 3igy 1)
VAT 72, Tabb, HREE LTHA TV
73> (OVA) (GradeV, SIGMA, St. Luis, MO,
USA) % fvy, OVA/Alm (OVA 16 pxg/mL, Al
(OH)s 8 mg/mL in saline) 0.5 mL D ERER#5-
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WEDEEEL. 5035 OMMET 2 AT o 72,
2B DOBIENS 256 H%, 1K O OVARA
LR 6RO A P L X (RS) ZEML
72, EHIZZEDH% 6 HEERTOVARALZLT
RS Bfif L7z, %&d, xfHEE LT, A ML R A
ML RS AMETICOVA 2 1 B A &4
72. RSEMLTWD 6ERIZA ML AGEMB X
DIFAMHEOVTNOFICO B I UKE S
RIphol, HERSOEHIZ 1 BB OVA I
AEITV, 1B X3 HiR, &R EE
(BALF) %##%EXL7- (Fig. 1). BALF fO#H
mEkE % sl #, Cytospin ¥V (Shandon,
runcorn, UK) % AW CHIFAEAR %S L, Diff-
Quik il (EIPSREE, fF, HA) TYmE,
ML 7 A e L7z (3 1000 B TR e
200 fELL EEIZS). &% BALF LiEIE—80C
THRIEL, A4 FAA VHEICH W, AR
REHORS ERICHENL, ZvaarvFad
FOWEIZHW/A, MORT ¥ I=A b, p-
funaltrexamine (p3-FNA, 5 nmol, TOCRIS,
Bristol, UK) &, A ML ABEMIZBWTH RS B
o 1 RHENCERIMENRS Lz, 28, xt
W2 13 % D%, T3 5 phosphate-buffered saline
(PBS) (NaCl 137 mM, KCl 2.7 mM, NazHPO«-

12H:0 8.1 mM, KHsPOs 1.47 mM &, pH 7.4) %
2 uL/ mouse ENI G L72. GR7T ¥ IT=A
I, RU-486 (mifepristone, 12.5 mg/kg, SIGMA)
X, A MPLVREMIZBWTHE RS Bth 1R
KRR THS L., sfB@EE LT, 10%
polyethylene glycol 400 (SIGMA)/PBS % 0.2
mL/mouse 5 L7z, XA ML AFEEMEIC
i, TNENFEEDOAT Y 2 — VT B-FNA,
RU-486 & % W IW 2 3% 5 L 72.

2—3. mEFEFJIa33)F a1 FOBIE
MmiErorVvaalyFaL Fid, enzyme
immunoassay (EIA, assay designs, Ann Arbor, MI,
USA) ZHWTRHED 7T b I — VIZHEWllE
L7z, b, HIE#FEI 32 - 20000 pg/mL TH 5.

2—4. Y4 b HA 2 ORIE

Thl BLWYTh2 4 b1, ThEfn
enzyme-linked immunosorbent assay (ELISA, R&D
systems, Minneapolis, MN, USA) % H\WCflED
T a-VIZREWEE L7z, &l TR
HIsEHPH I 14 A% 2 - 500 pg/mL, IL-5 257 - 1000
pg/mL % LT IFN-y %% 2 - 600 pg/mL T 5.

BALF: ELISA for measurement
of cytokine contents

stress

VYVVYVYYY

0 5 30 31 32 33 34 35 36 37 38 40 (days)
Sensitization OVA OVA
OVA/Alum inhalation challenge
Plasma: EIA for measurement
of corticosterone contents
Y

BALF cells: differential counts

Fig. 1. Diagrammatic representation of the protocols for sensitization, challenge and stress for experiments.
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Fig. 2. The effect of a u-opioid receptor antagonist on the accumulation of inflammatory cells after antigen
challenge in stressed mice. BALF was obtained from unstressed and stressed mice 3 days after the
exposure to nebulized OVA. Vehicle (veh) or the antagonist, 8-FNA (5 nmol), were administered 1 h
before each stress exposure. The numbers of total cells (Total), maclophages (M¢), eosinophils (Eo),
neutrophils (Neu) and lymphocytes (Lym) were counted. Data are expressed as mean + S.D. (n=7).
*0<0.05, ¥*p<0.01
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Fig. 3. The effect of chronic restraint stress on
600 ; - .
corticosterone level in plasma from wild type
(WT) mice (a) and MORKO mice (b).
Plasma was obtained from unstressed and
300 + stressed mice just before the first (pre) and
after the last (day7) restraint stress. VEH or
I ] B-FNA were administered 1 h before each
I | ”" FL stress exposure. Data are expressed as

L ) mean + S.D. (n=3-10). *p<0.05, **p<0.01

pre day7

Corticosterone (ng/mL)
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2 —5. #Etnig 3—2. MEFTNLIANLFa4 NEEIZIHT S
FHIMEITIZ A IV ) T OEHMES FV 7. B PL ADEE
F— %X mean = S.D.TE L. MO LE BAER (WT) <7 AICBITAMES Vaal

(& Mann-Whitney @ U #5% CHETLHE L 72, % FaA FREE, BEX LV AIEARERICHE
#riZid PRISM4 (GraphPad Software, Inc., San LT, BfEA ML AGERMECT, AEICHENL

Diego, CA, USA) B & U StatMate I (ATMS, 72 (89.5 + 10.2 vs 197.7 £ 52.0 ng/mL, p<0.05).
R, AAR) #FHLZ. P<005 2EEED F7z, BYMEAMVAAMICE BIMEES VT TN
D& L7, F a4 FMBEOWEINC, MORT7 ¥4¥ I=X b,
B-FNA (5 nmol) DNENIXGIIFELRFEIT
3. B £ B o7z (Fig. 3a).

MORKO <7 A% AW T b L AERTIZ X
3—1. BMAPLRAICLZMESEETER LT VI NFal FEEOE G L7z
AEWEICNTAMOR7E2IZX b EZh, BEA NV ARMEEL, BEZ L AR
DEE BREICHEBR L TEREICHEML: (604 £355
BYEA b L ARFIZ X S BALF moiHiliE, &7 vs607.2 £ 241.0 ng/mL, p<0.01) (Fig. 3b).
FREk, 1) vSEROBENNE, MOR 7 v ¥ T=A |,
B-FNA (5 nmol) DRENHGIC L ) AEIHD 3—3. BEHXPLRACLZMEFEERER

L7z GHHifa : 2975 & 119.1 vs 124.6 = 42.5 X EEEICNTDBGR7Z 24D AMND
10%mL, p<0.01, IfFEEk | 217.3 + 84.0 vs 91.2 £ B
39.9 X 104/mL, p<0.01, J » /38K . 456 + 21.8 vs B GClE, BEA ML AAMEIIIEESN
18.3 + 84 X 10%mL, p<0.05) (Fig.2). Bl W LT BALF Hhoo#Mlle, FERER, U >~
' * Unstress/veh
[ G
tress/ve
400 |
. [l uustress/iRU-486
350 ™ Stress/RU-486
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£
% 250 |
3
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Fig. 4. The effect of glucocorticoid antagonist on the accumulation of inflammatory cells after antigen challenge in
stressed mice. BALF was obtained from unstressed and stressed mice 3 days (a) and 1 day (b) after the
exposure to nebulized OVA. Vehicle (veh) or antagonist (RU-486, 12.5 mg/kg) were administered 1 h
before each stress exposure. The numbers of total cells (Total), maclophages (M¢), eosinophils (Eo) ,
neutrophils (Neu) and lymphocytes (Lym) were counted. Date are expressed as mean + S.D. (n=11-
15). *p<0.05, **p<0.01
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Table 1. The effect of chronic restraint stress and a glucocorticoid receptor antagonist on cytokine contents in

bronchoalveolar lavage fluids.

IL-5 (pg/mL) IFN-y (pg/mL)

IL-4 (pg/mL)
Stress (-) VEH 182 + 8.11
Stress (+) VEH 28.72 + 18.09
Stress (+) RU 16.9 + 13.84

11.08 £ 8.49 J* 4.3 + 3.87
75 £ 39.93 14.04 £ 12.77
80.97 £ 61.91 2.36 £ 1.88

mean + SD. (n=5-7) *p<0.05

INERICAEBELRZIIA LN o 720y, HEhE
hot., BEHEANLAEARIZE S BALF o

MR, GFERER, U Y SEROMWINEGR 7 V¥
T= A N, RU-486 (12.5 mg/kg) DR F#H5 12
XDEBICEA L GRMIE . 262.6 £ 147.6
vs 125.0 + 60.7 X 10%mL, p<0.05, IFEREK :
200.0 + 125.3 vs 86.8 + 54.5 X 10%mL, p<0.05,
) 8Bk L 225 + 114 vs 13.4 + 8.5 X 104/mL,
p<0.05). F7z, GFHBRITEMEAR b L A EWEE,
FAMBELLICGR T VY T A MOHEEIC L
DAEZICHALZ (2.7+28vs 0.4 +0.7 X
10%mL, p<0.05, 1.4 £ 1.2 vs 0.2 £ 0.4 X 10¥mL,
p<0.01) (Fig. 4).

BALF 44 A BICXT 3181
ZAFLABELPGR7Z7AIZAMD
=7 -4

OVAW A 1 H#? BALF 1o IL-5 1%, 8142
ML ASEREMREICIRER L T, 18 N L AERN
FEICCTHEBEICHINL 7., —/ IFN-y & IL4 T,
BHA ML AL EFEELREEALN LD
7z, F7z, BYER NV AGMTICBIT LB
EMEGRT V¥ TR NGB B L&
Z A, IL-4, IL-5, IFN-y WERTHHE L ZAL
A SN o72 (Table ).

3—4.

4. % =

REEFRIZED, 1) BRI L BHEH
EMRERIEDOEALICIE, TR - EF A F
ZRMAE (MOR) &7V aa)F a4 FERAE
(GR) DWEMALDEE 22 & #H 6 L7,
LaL, 2) BHA L AEFHEME MOR % 4 S
T HPA RAEMALCE L2 & 2R L7,

REERICL T, BHEHEA ML ATOREFRE
MRBERIEDHEII MOR 7 > % T A + D
FAEGIT L) S /-28, MORKO <7
ZBWTHEHERA P L AL 2 RERIEDIE
IR NG o728, TNHDEENS, B
2 b L ADSHHR I MOR DG L EB I X2 L,
RERIELBALT A Z L DRB SN,

BWHRAMLVZIZE S, HIKRTETO MOR @
HHEALAS, HPA oG bzslskEz L, 7
IANF AL FOGWETTET D &) s
HHIE Lhl, FEROETVTIIEEA
NLABRICL A 7V anF a4 RosEg,
MOR 7 ¥ % T= A M§=ZEN$5 % MORKO < 77
ATHIHI SN o, TNODREEDLS,
BHYEA N AAWICBTFL I VvaavFa R
DIEINLHAEYE MOR % 4 & 72 v HPA AL
DG LTWADZ e RBEENL. HEIAKA
]‘]/7\'—5'%%%0:}5\/‘(, J7EN K-BXOWo-F S
4 FEZEEERBTT 2D L ADARKIZ &
5T, FVIAANTIA4 ROEEREMPEAS
N7z ERMESNTVRLE D, X512, RSE
L7729y T, ¥4 NSRRIk T v o T
ZANTHAFUOUF VYV ERENESLTH
HPASRD A I L ZITH 5 5 U & 2 b & & 4
572 EAMEENT VS B, s DHE -
KEBRE ORERH S, MOR 5 HPA RIEVHLIZE
S5 LTV WIRMHEIRIE SN, HPA RO
Meicka7vaansdas FoLRIZE g-7
FLF) rSZER (BAR) BECESLTWA
ETRBET L EFREEI TS 8, Zhbo
RENS, RERICLLZ 7 VvaalFaf FoLk
FAZIX BAR DS G- L C W2 T REMDSZE 2 b 5.
L L2 s, LEOHETEHA ML RAICLS
FhvaanvFaf FoOERETHY, BHEZ LA
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2 & B EF A FZEERORNEE A L7z HPA $
AL DREIZEND THBBRDTSLETH 5.
BHEA ML AARFIZBWTCGR 7 v T2
A MG BEERGEYI®E TS L, GRT
vy TR MNESRECHRME, GFEREK, PR,
BLOY) UNERBUIE, A ML AFERAEE L RS
EEFTHEBEIZRAL LA, 4HOET VT,
BALF ORI B WTEMEA b L A EME
CIRAMBICEEREEAON o7z, L
L, A DA CEBRTEEA P L2 OE R
12X, BALF HO#HMIME S & OIFEEEkE A
BICEIMLA-® ZEEHREL D, LIRTok
HTE, BEYoRGS R L TA ML AAMEELIE
BWMEOREB AT 7. L LA HEREKS
L) ANV ADIERTERE - BMREOMEIZE
fah, REODA L ZADOFEZITHH L2
RetEDSdH B . ATOEFIVTHEHES X O
BRER LI IMEM ICH B, A b L AFEAMEELC
BWTGR 7 v ¥ T A M5B L iR S5-8
TEENALNLTWVWZ &L, GRT ¥y I=
APMEAPNVABRMICEAEICERLTWA
CENHRTEL, S aalFal Fiiwy
07 7—=YV50DIL-2 R IL-12 BEEZHz,
Thl ~OLAIHIT 5 Z & 12 L D BiEng %
Th2 BAIANE T 7 FNEELIEDPHOLENT VS
W, GR7YFITZAMIZOZVaavFads
NOEZ# 2, BEA NV AREMIC L) BEE
LR EREZIHIL-EZ NS, UED
B LD, MOR B XU GR IZFEREELICHE
SLTwaEEbNA., RERIZBWT, MOR
BLFGRWINZHELTH, BHEAMLA
B L 2AERIEREE, BEA ML AR
L AR T THHI SN2V FRIES
Niz. o2 erb, BEAMLVAEMICLS
FERIEDEALIZIZ, MOR G LE 7 v
Faf FOMEBEWLIETHY, L0
KRB EREREEBNMICRESTVENV) I L
AR ENSL. &5, HPA RO E LD
MOR I L vk W) FERDP S, B ~ L
AEMICE YWD Lz v aanFad
FASH 2RI MOR 2 IGME L L, WmE % &AL
HHLEVWHIRBENEZONS, AMLAIZLA

SR OIH] I MOR & GR 28B85- LT\ 5%
EWIOHENDH B . A 2TV PGk
3 5 MBS EIR s & L C, natural killer (NK)
Ml Eds X O NK Ml S 5. AL
AEMIE Z OB G 505, A ML AITX
% NK #Hifa$ghno ¥ i1k GR, NK M E
DO TIZIE MOR 28N ZENE L5, Thtk
s DERY LT S E, GRB I MOR A
FLRIZEDBIESRI SN ARERDOEIICH
BLTWwaEIEHETHL, LI, FridA
LAWK BZ IV aalFas FOSWInER
MOR JEKIEMETH B 2 &, MOR (IHKETH
L5 EEWOPIILEA, ZOHMETIEINS
DHEIZDWVWTIERENT W R P72,

REBIZBWT, BALFHFOY A A A V&
WZBEA L ALK BRENALNT-DIF LS
DAT, IL-4 123 EERro72. THETD
KADHEICL T, BEEZX L ADEMIZX
D IL-4, 5 3EICEFIHEMNT A LAREN
TWw5 19, IL-4 12T 518%A ML AOREDR
AN hol-0lf, BiEEGEVWIAPLA
B, KREDA MV ADRHRE LI B L7205
b L, IL-5 S FERER D B b % 4R
\ZARET A DT, IL-b BEEE L OFFEkES %
PES 7 LVE— MR BOMENE 2 S5, BALF
HUZETE S A IFBRERIG LI FIX L6 TH 5 Z
EHFEHEN TV A, WMEBEFICBWT, KB
BA L ADIL-5 S Z - 72, KB OHERER
WAl ERITILPREINTNE Y, 4
MOEBRTIE, BEA N AARMIZL S L5 JT
HWZ, GRT7T V¥ T2 A M52 X - T &
Nhpoiz, TOZEXY, BEANL A&
X5 IL-p BEITEIC T NV aa)F a4 NIZES
BLTwhwkEizohb.

2 b L AERIZIE, SNS #IHMEALT 280 A°
HBH. APLAREBIIBNTIE, BETHRE
DI NVT N+ IS EE T,
VAR DSTEHALE NS, EHICA ML AER
i, BIREMERE AL CRIBHMENLLOT R
LT YyBLT VT FLF) rolittx ek
T4, F/, WCBTSMORMEMICL Y, m
WATATIVIBENLERTLEVIHEND

Fox3
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%W.ﬁ%35$>@NHM@K;5WN7
DEEZIHT A LI2E Y, RELEZ Th2
@m«&v7bé@éz&ﬁﬂ%nfwémh
BLXVO7 RLFYy, JIVT RLFY o
DEIEZ NG, V) v SHERIC BT B B T F L
F U SR (B2AR) @ down-regulation (2D
BIRB ) ERPDH L. WEEFEOTHO%E
FlToHIMmERICB T 5 f2AR mRNA % Hll5E L 7=
EZAh, BHEBLITEERA LA ZR LRI

FRER L 72 FHETld B2AR mRNA 27 9.5 5K T4
BHEWH) T FPREIN TS 2D, B2AR @
down-regulation & Th2 ¥4 b 714 >, FEmwHIE

BRERL, B L OHFRREKEVEZ &, WmEEREC
BB p2 7 T2 A MEEDOZE LRI R % 5
DEELE—WERDLDH LN EV) FRDS

HBHY, ZTNIZED, MOR IEHEALLIBEDRE S
FEELICELRBEO 2L LTHTITFTI VD
5 ARIESINS.

PLXy, WEOWMEICEETH) 6 F
DIRFEIAHTH o MBI A b L A2 L B0
BB OEEHEME I, P MOR 25§ 5

CEDPHLRPII o2, MA T, [EREHE
WIEMOR BLXUZ vaaivFaf Fask iz
5 L T35, HPARODEMEILIX MOR 124K
LRV EW) ZEATRENTZ, MOR {EHHEILLL
D Th2 RSB~ OFER L SNS DR 5- % &
THHDKFRETH S,
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