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Psychological stress exacerbates airway inflammation
| in a murine model of allergic asthma
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Stress and other psychological factors have lohg been hypothesized to be associated with
asthma symptoms. One of the fundamental features of bronchial asthma is chronic airway
inflammation, characteristic of the infiltration and activation of inflammatory cells such as
eosinophils and T lymphocytes. Psychological stress can modulate the inflammatory
response through activation of hypothalamus-pituitary-adrenal axis and the sympathetic
nervous system increasing the secretion of cortisol and catecholamines. However, the
mechanisms linking stress and asthma are not well defined. Therefore, we investigated the
effects of psychological stress on asthmatic airway inflammation using a murine model of
allergic asthma. Feméle BALB/c mice and C57BL/6J mice were exposed to restraint stress
(RS) during the antigen inhalation, which procedure was repeated 3 times for every seven
days. Seven days after the last procedure, the mice were challenged with ovalbumin
(OVA), and the airway inflammation was evaluated by the humbers of inflammatory cells in
bronchoalveolar'lavage fluids. RS significantly increased the numbers of total cells and
lymphocytes in BALB/c mice. In C57BL/6J mice, in contrast, the numbers of inflammatory
cells were not significantly different between mice exposed and not exposed to RS. Our
findings suggest that psychological stress can enhance antigen—inducedv airway inflammation
and, furthermore, that genetic background is involved in the pathogenesis of stress-induced
asthma. This model using female BALB/c mice may be useful to elucidate the mechanisms

by which psychological stress exacerbates asthma symptoms.

Key words — psychological stress, allergic asthma, stress-induced asthma, airway
inflammation
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Bi2iE, Thl & Th24%% ), Thl1MLE A > ¥ —
oA ¥y (IL)-2, A1 »%—7x0r (IFN)-y %
EChREAL, TNSHDThlHA b aA ikl
MESRIE RSBS54 4. Th2 MifIX IL-4, IL-5,
IL-6, IL-10, IL-18 7% &% FEAE L, WMSRZERIG
W53 529, TLIVF—E&E, Thl & Th2
DINTG Y ADERI, Th2 MBI BT LT X
NEIERIEINEEEZLNT VA,

KREXWMBEZOMMERMOERE LT, A
L AHHEI L DD d Bt & B L7220
HE A ML AFREEWMEBEZFOWIMSERSI L
TWwh, HEEZD I H20~35 %ITHEMEA
ML AEZITTO S BICHEDERDPELYT 2
EWI)EZHNMENSH LY. 61T, WMEBEE
WKEERAL, Bffit EOBHNZRMES 2
e, MBIERDPEBATLLEVIHEN DS Z
EnS, LEFENER DB DEIRDOREEIZH
BLTWADTIE W EEZ LN TS,
¥/, BiAEAFECE, BAMAMLAET L
VWX —EBEEO A GERLEDE OV
EHLNIZEINTWES,

W BB E 7OV R W CARETTUE, AR A
FL R, PFUEEFRASET T ADFE B
HEITEL™, b MIBWTid, KEOEHH
BRev) REBEMEROBMHIA FLAIZEHE
NMEOZEEIIBWT, BEFADIL-5 R IL-4
DI K IL-2 & IFN-y OBLPRBO LN, £
R EDIFERER D FARICHEM T 5 2 &2 HiE &
NTw39, ZoXHiz, HEEX ML AL Thl
ETh2D/NT Y A%z, Th2BL T AT L
WED, TUVF-UREREZEBLIEDL L
ZzoNb. T/, BEAPLVAIZIYERED
FNaaNFaA RZEMARD down regulation 4%
FlEEZ &N, aVFaX7FO( FORRESE
RAPBETTAZLdHESN TS0

AR RN ORI B, RO W-RERT AL
T, RERGEBHTLH. BRI A ML AT,
BRTEH-THRA-RIERER (HPA axis) ®, &K
B RAEBL SN, aVF =R h T a—
VT I VOGWHBEMT AN, TRH6DKRIVE
i, FFagvF g -k, TR
5, IL-2 %A AFH, IFN-y EAE, IL-12E 0D

SARAFEH 2 L L CHIGIBICER § 5 12,
LAL, A L 22X ) B RENE
THFHFLWASZALIFHHI LT W, &
512, FIUBMEA N L ADPTRTOMEEE
*EASELDITTRL, BAE, BIHEEN
BEDEVHKA ML AMREBOREICEET S
zehbEZONS,
ZFITAE, XML AL BHEEADORE
BBEZHBE LT, v AMBETIVE AWV,
B A P L ZAETFTIVE L TUENRIER b
LA Q7 LIVF—EREREICHT 228
BET L7z, 85612, BEMEREZRET 5729,
FIZTh2 ¥ 1 7O KIS %7~ $ BALB/c } K& UF Thl
¥4 TORIEERT CETBL/B6I R~ T A & Hw
T, HBRE L7z

KRMERUTE

FUERAE, RERA &R R - I8

EERIE, Kumagai 5 DS IZHE-> TiTo 72,
PRI 2 DFEZ fEIRT.

6 ~ 8 kD BALB/c MM~ 7 A K UF C57BL/G]
R~ A (AASLC, B, BA) 2 L 7.
B L EER A T A F THEY A 2V 12K
(FA#H 9:00 ~21:00, BF#H21:00~9:00), Fik
22+ 2CHO—EBRETCLHEMULATF L.
B, BWICIZIREEAD < AR EREAE K
DCHHEFEAOKEKEZ BHICER S ¥, ER
RIS RSB Y E BRI - THT o 72
PELLT, BIA7 V73 (OVA) (SIGMA,
St.Louis, MO, USA) % vy, OVA/Alum (OVA
16mg/mL in Saline/Al(OH)as (FIJGAZEME), KRR,
HZ) 8mg/mL in Saline) 500 x L DEHENIZS
WWTERELZ:. %535 HRERT2E4To 72, 2
Bl H ®OVA/Alum #5495 12 H#, <7 A7
SAFy Ry 7 ANTOVA (bmg/mL) $ 5
Vit Saline % 1 BRI A S &, 4BMZ I HIT1
BB O AEITo 7. OVA DML, Bennet
nebulizer (Sunrise Medical HHG Inc., Somerset,
PA, USA) %Ay, it 10 L/min T4ro72. %
72, AMVAEMEER, BAORGB»LHT I
TE M0 mLI= ANV F o — THICTHIE
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%, OVA®H 5\ idSaline L A %47V, 3 HZIZ
AR % FREL L 72, Table 1 (2 & BEDFEM K O Fig.1
W8 A LT —TINERT.
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Table 1. Experimental conditions of each group for
stress exposure, antigen 1nhalat10n and
antigen challenge.

Days 17,24 31 Day 38

RS inhalation challenge
S--OVA/Sal - OVA Saline
S--OVA/OVA — OVA OVA
S+-0VA/Sal + OVA Saline
S+:0OVA/OVA + OVA - OVA
S--Sal/Sal — Saline Saline
S-+Sal/OVA - Saline OVA
S+-Sal/Sal + ‘Saline Saline
S+-Sal/OVA + Saline OVA

LA 7 &4E L, Diff-Quick (D-Q) %t
i (EIRHE M HAR) CThtea L, MifanmEs
HE L7z (X 1000 THMALE 200 M Ll E#IZ).
¥ 7z, MiE20 x Li< RBC lysis buffer (3 %Kk
Bk, 3%D-QIIE) 400 uL%EINZ, S0FHEHEEE,
e Mk e HE L7, '
i~ A0 xFE, [EICHh=2—L
A, BEFRERUI AR L, A= —
L & 1 phosphate-buffered saline (PBS) (NaCl
137 mM, KC1 2.7 mM, NazHPO4 - 12H20 8.1 m M,
KHoPO: 1.47 mM 4, pH 7.4) (RIYGHIZEG) 025
mL&{EA L2 EPES L7z, EL f_’igiﬂﬂ'ﬂ
e (bronchoalveolar lavage fluid (BALF)) |
200 X g, 4 C T35 M&E L4, J:(ﬁa)g’a‘:(ﬁﬂn:
L, F2a— 7B L -8 CTHRFAFL7. BALFIZ
Enzyme-Linked Immunosorbent Assay (ELISA)
ZEBHA MIA Y RTEAA VRIEICH.
FiERIN#ZOMaEE X, 0.1%fetal bovine
serum (ICN, Costa Mesa, CA, USA) & PBS 0.1 mL
THF#E L, 0.02 mL % 0.1 % Trypan blue 0.02
LISz, #WEMmEEzEELL. &Y D0.08
mL i, 300 rpm, 247MH 1 P AE > (Thermo
Shandon, Runcorn, UK) (272}, ¥EEED-Q4:

* ;Restraint Stress (RS) for 6 :

OVA or saline
inhalation
for1h

OVA or saline
inhalation
for1h

inhalation with or without stress*

v v
17 24

v
31 38

I 41 (days)

Sensitization

OVA/Alum
(8 ug/ mouse, i.p.)

A4

Eample 6o|lection]

OVA or saline
inhalation

BALF l
cells: differential counts
supernatants: ELISA for measurement
of cytokine contents
Peripheral blood
leukocyte differential counts

Fig. 1. Diagrammatic representation of the protocols for sensitization, challenge and stress for experiments.
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il Chem L, MigomeEE L2 (X1000T

KA H 200 18 DL _E#RZR) .

YA MHLA L ROGTEDA 2 DORTE

BALF #® 1L-4, RANTES & FEotaxin= i, £
NFNDOELISA kit (AN ‘ALYZA (TECHNE
Corporation, Minneapolis, MN, USA)) % f\ T, ff
B7abba— VIl EWEIEL:. %8, ThETh
OPIEHFILIL-4 ; 7.8 ~500 pg/ml, RANTES; 7.8
~ 500 pg/ml, Eotaxin ; 15.6 ~1000 pg/ml T 5.

HEtig
F°— ¥ lZmean + SD. T3 L 7. Mann-Whitney ®
UKECTHETMHEE L, P<0.0sx FEERD & L7

¥ S

BALB/c ¥ RZE T B RIELE

BALB/c ™7 AZBIT 5, #H A b L AD BALF
KI5 A EEIZOV TR 21T 72,
HUEWRAERIEEICA P LARAREIT) &, K&
DHEBRE (S+-OVA/OVA) ICL D Eo5h b
M HB L) VSERBIZA ML AFERTE
(S--OVA/OVA) LB L THEICHML Tk, .
R BRI, A ML AERE (S+:-OVA/OVA)
IZBWTA ML AEEMEE (S--OVA/OVA) 12
L c#EmEmRsZRon/i-b0n, FETIE
Zeh o7z (Fig2-A). —7, Saline A & [EkED
ANLVAEMBIIBVWTIE, BEONERE

A 100

X1 0*cells/mL

total

Os- - OVA/OVA
As+ - OVA/OVA
M s- - OVA/Sal
Os+ - OVA/Sal
## #
*
Eo Neu Lym

X 10*cells/mL
(@,
o

0]

total

Mo

Os- - Sal/0VA
Zis+ - Sal/OVA
M s- - Sal/Sal
K s+ - Sal/Sal

Eo Neu Lym

Fig. 2. The effect of restraint stress on the accumulation of inflammatory cells after antigen challenge in BALB/c
mice. Sensitized-BALB/c mice were exposed to restraint stress for 6hr with OVA (A) or saline (B)
inhalation as described in materials and methods. 3days after antigen or saline challenge, the numbers of
total cells (total), macrophages (M¢), eosinophils (Eo), neutrophils (neu) and lymphocytes (Lym)
in BALF were counted. Opened, striped, closed and hatched columns represent unstressed mice with
OVA challenge, stressed mice with OVA challenge, unstressed mice with saline challenge and stressed
mice with saline challenge, respectively. Data are expressed as mean *+ S.D. (n=4-8). *p<0.05:
compared with unstressed mice with OVA challenge, #p<0.01: compared with stressed mice with saline
challenge, ¥p<0.01: compared with unstressed mice with saline challenge.
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(S+-Sal/OVA). 12 & 2 RIEMBOZE LT A F L
ZIEETEE (S--Sal/OVA) B L TWwTho
ML ECTLEETE L h o7 (Fig2-B). .

F 72, 3[E®Saline L ABEIZBWTIX, A b
LAEMBLUEAMELSIZBWTOHRED
PUEBEHE (S+-Sal/lOVA B & UFS--Sal/OVA) 13,
Saline W A (S+-Sal/Sal B & UFS--Sal/Sal) 2.k
NEFEMPBOBFE LML FHEL 7 (Fig.2-B).
L L%A5, 3RIOHERAFFIZE W TIE,
ANMNVABEMBETEIREOHERE (S+-
OVA/OVA) 2 & 1) Saline BB &E# (S+-0OVA/Sal)
EHEB L CRIEMBOFELRBIMAR SN

DD, ANV AFARMEFICB O CEHERE
(S--OVA/OVA) & Salinel%#% (S--OVA/Sal) @
BIcAEELZZIR SN2 o7 (Fig2-A).
RAHMALAF O BIMERICH T 2HEA P L ADE
BIZOWTHE 24T o072, SEICHERZ X HICA
N L AETT OVARAEE (S+-OVA/OVA) & A b L
AIEBTT OVA T AFE (S--OVA/OVA) ORIIE;
PUREESEIC & 2 REREMAE GRMiRE, v vox

IR) OERICEELESR SN (Fig2-A) 75,

RMMAMERIZIE, CHO2BDOMICHEREN
Roniror: (Figs-A). 3[EO Saline i A%
CBVTIRA L AT R OB

A 1500
o Os- - OVA/OVA
s+ - OVA/OVA|~
1000 | Ms- - OVA/Sal -
T&’ fis+ - OVA/Sal
~N
w
3
s 500 +
X
0 1 r’—ﬁiﬁ |
‘ total 'Mo Eo Neu
B 1500 .
$ Os- - Sal/OVA
o Pls+ - Sal/OVA
1000 | M s- - Sal/Sal
_é: F Qs+ - Sal/Sal "ff_\
<
v
E I—_’
VSSOO - #
— *
x *l N ‘
0 | r | .——-E— 2 | I_t% 1

total Mo

Eo Neu Lym

Fig. 3. The effect of restraint stress on leukocyte counts in peripheral blood of BALB/c mice. Sensitized-BALB/c
mice were exposed to restraint stress for 6 hr with OVA challenge as described in materials and methods.
3 days after antigen challenge peripheral blood were obtained and the numbers of total cells (total),
monocytes (Mo), eosinophils (Eo), neutrophils (neu) and lymphocytes (Lym) were counted.
Opened, striped, closed and hatched columns represent unstressed mice with OVA challenge, stressed
mice with OVA challenge, unstressed mice with saline challenge and stressed mice with saline challenge,
respectively. Data are expressed as mean + S.D. (n=4-8). *p<0.05: compared with unstressed mice
with OVA challenge, p*<0.05, #*p<0.01: compared with stressed mice with saline challenge,
*p<0.05.%p<0.01: compared with unstressed mice with saline challenge.
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(S+-Sal/OVA) 2 & D Saline % (S+-Sal/Sal)
EIE L CHIREHIROFELBEMA AL N
7o, F72, AN LVAFEMETIRBEOPIEE
# (S--Sal/OVA) 12X D SalineBE# (S--Sal/Sal)
B CRMBREE ) Y ROBE B D
ARonz. —F, REOHEBER BT,
Saline-A M LV ABH7H#HE (S+-Sal/OVA) i Saline-
A b L AIEBEGEE (S--Sal/OVA) 12k, +XC
DRIEMIPIZB W THEELEME R L7 (Figs-
B).

C57BL/6] ¥ ™9 AIZH (T B REEE

C5TBL/BJ ¥ 7 AIZBIFHAHRA FLAIZL S
BALF O &AEMAZ 3§ 5 B DV CTRET
1o 7. PUERA & FBFICA b L AEMZ1T
Y b, BRBOPEBREICLDFEINSBALF
R OREMABIZ, BHRBEB LT XTOSME
TAMLVAFBMELLERLTAEELZERILIEA
S o7z (Figd).

BALFshH A R AAICHTEIA ML ADOBE
BALB/c ¥ A BT B HURESE 3 Hi%L D OVA-
A ML ABEFE (S+-OVA/OVA) & OVA-A ML

AIEAFEE (S--OVA/OVA) DRIIZIE, kITa~
72 & 9 W BALF KIEMABICH B2 Z 2RO 7ZH
BALF 1D IL-4, RANTES # & (' Eotaxin i\ 1
WKBWTHEELRZEIR SN2 572 (Table 2).

£ =

4], A ML AICE DM EEORERE %
HHE LT, v AWMBET IV A\, M
AFLVAETVE LTREMZIER L AW
2k B EEERET L.

PERA L RO YR LA ML ZAERIZ L
h, [REDOREMPBOERIIFEIHEML .
CORERIL, BUHHLA NV ADTHBETORE
RIEZWARKEE S &) Forsythe 57 OHEFIC
—HLTWwh. —FT, Salineg AT TOHEY K
LAMLVABERIZE o TREEDORIEMIBIZA
BREAERON otz ZOZE LD, T
BAEETTORDELOFEMIA ML A5 HEE
RIEDWEICEETH LI EAREIN, A D
VAL D REDOREMIIEAEICHEARAL T
7275, ANV ADOFETERMIMA O HImEkEIZ
FLER SN o/, TODZELY, XML

50
Os--OVA/OVA
¢ s+-OVA/OVA
S~
g
25

NN

A

[ V2

AN\

total M

Eo Neu Lym

Fig. 4. The effect of restraint stress on the accumulation of inflammatory cells after antigen challenge in
CH57BL/6J mice. Sensitized-C57BL/6J mice were exposed to restraint stress for 6 hr with OVA inhalation
as described in materials and methods. 3 days after antigen challenge, the numbers of total cells (total),
macrophages (M¢), eosinophils (Eo), neutrophils (neu) and lymphocytes (Lym) in BALF were
counted. Closed and striped columns represent unstressed mice and stressed mice, respectively. Data

are expressed as mean + S.D. (n=7).
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Table 2. The effect of restraint stress on cytokine and chemokine contents in bronchoalveolar lavage fluids from
BALB/c mice after antigen challenge.
s-+OVA/OVA s+-OVA/OVA
IL-4 (pg/mL) ND ND
RANTES (pg/mL) 6.6 & 4.46* 12.65 = 4.10*
Eotaxin (pg/mL) ND ND

*mean + S.D. (n=4)

12 X B KB SAMER OWK A H R 5
VR, BN RRY M MERDBIANC X B b DTIE
%% <, HMIKRDKETFMNNOBRITOMWMKIZL S
NN =% (WA ‘
BN IEEEICL D, BALFFOIL-47%E
LLEIMTAZ LXMoNTWAEY, 72, v7
AR A M VAR5 2 5 & Th1/Th2 /N5 »
AHEEI, Th2BALIME LB\ SN TV A,
ASEDEFTIVTIEA L AERARIZIL-4 I3
ENnhol. SEFLAGHERA3 HEIC
BALF % BUX LIRES 24T - 7225, PUEKA 24 B
M O IL-4 DBMDHE ST 519 O TR
Fd A B o TR PLETH S, 72, BALF
B Eotaxin ICIZ A F L AL X AAE LTI
R oMb o7z, BALF HOIFEEERBUZ LA
Ronlro/Z &I, MWIFEREREEGEM %
£ T A Eotaxin!® ICBL o /22 & % AL

waéoﬁ%th&w.it,xbvxmi-
AV

) BALFH D 1) ¥ SERAHEA LTV 7228,
JSERIEE ETE S AT A RANTES'? (2 B4 1L
BRONGPo7. LaL, U v /5EkiEEICH
BE4L5RFELT,IL16® 2 ERHM65NTEDY,
FNODORFAA NV AL ) B ZI 728
S BALF D) ¥ /SERAHEIK L7 ATREMED E 2 5
na. BUHMLIERECL - T, IL-139 &
HIMDTh2H A M4 =, TGF-329, MCP-1
R EHEHE SN, KEICRENICH DB VIZY E
7)Y I ~NES5 T A, AE#R L 72 BALF O

KEMBIZEL 2 P LA 2REBEREOME

Wi, TNOORFOFEELDEZONS.
RO E LBEIC L 2 RERCOKT IR,
RETBREELTHALR TSR, ARDEET
bAMLAERMEDRVEL BZPUERA DR D K

ND: not detected

Lid, BRI HURBRER 12 & 2/ 8 4 SE RS
AFETERVEVIRRTH o2, Lol

A ML RAERRED PUER A DO# DR L TIPTEE

BICLVABRRESROONS, 3510, R
BEANFEINL W SalineATIE, AL
ADFEZDHH 6T, PUREESE T Saline Bk
CHEBELTRERRERCZERELL. toT
APLAZEBRETOREMBEZOE KD
—E ¥ LT, FBICHT B REER O S E
AbNb, ZOZELIImEBED, vIRALE
) HEAFOFTHRIELBEINA TSI
TOR—HFFEIZH LT, kL TREEFIIFE
ENT, BEXBVET I LEOERICAFEER
DANVADREET A E2RBTA. REE
BIZE, MEB®EYAS A4 THAHIL-10R
TGF-BOEGVHE SN TNE D T Ehb,
SHINSDFA P H A YORBEIZOWVWTHHR
HPLETHSL, T/, 7 ATBWTHEMHL
A b L AHHPA axis R REMER T EHHELL,
INF =R s T A= VT I O
XEBLEVITEBHESIRTRSE Y, Ll
BBELANF-VIEREEZIRIL, hTa—
VT IV REERREIC L )V RET B
MRS ADTHAEICES T A LIFER
1< v,

AR 2RFEDT T AR AW TR 2T 722 &
L&D, REREIKT A L ADEBICHK
HENDDLZENBELPII R o7z, FADKER
*¥ET5bDE LT, Shanks 5% (F, BALB/
cRUCHTBL/IBI R RIZT7 vy bravy 7 AL
A%52 5&, BALB/cY Y AZBWTIETh2 K
JGASE D HILAD, C5TBL/6J ¥ 7 AZBWTid
Thl X" Th2 FUGICEALIZR 5N & &3
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HELA BENEROERLL2RMDOTT AL
AW SROFERICE D A L AR BEDFFRE
B EENE TS L Twd 2 ARk
Ini.

R A M LA, & MZBW T4 LREAD
FIERHWEIZHETL I EFME SN TS 2,
HEICBWTHAPLALOBEEIIMONTES
D, HMEEREED)HB20~35%bDL FHA b
LA & BIERDEAL A RERT 5 &L OHEDTH
59, EBEHREZIT TR, B MIBWTXA
FLAIZEYTh2H A M A UHEREED RE
RIEDOHEE, [EARBETLEFTIERISINT
WA EDLEENTVEY, InHhs, A
FLADEML22H5HRHEIIBNT, 4
HEHICA MLV AERESEINT 5 2 L RE
ENb. o TAPLVARKED AN =X LD
BB EETHY, DDA ML A
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