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nificantly different, the numbers of inflammatory cells and 
Th2 cytokine levels after antigen challenge in stressed mice 
were significantly higher than in nonstressed mice. MOR 
gene deletion ameliorated the stress-induced worsening of 
antigen-induced airway inflammation, and the administra-
tion of morphine, a MOR agonist, reproduced the stress-
 induced antigen-induced airway inflammation. Selective 
blocking of MOR in the central nervous system (CNS) signifi-
cantly reduced stress-induced inflammatory exacerbation, 
but the blocking of peripheral MOR did not.  Conclusions:  
MOR in the CNS are involved in psychological stress-induced 
aggravation of allergic airway inflammation. 

 Copyright © 2010 S. Karger AG, Basel 

 Introduction 

 Bronchial asthma is a chronic airway inflammatory 
disease characterized by the accumulation and activation 
of inflammatory cells, such as eosinophils and mast cells, 
in the bronchial wall and airway lumen. The behavior of 
inflammatory cells in asthmatic airways is tightly regu-
lated by a network of Th2 cytokines such as IL-4, IL-5 and 
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 Abstract 

  Background:  Psychological stress has a recognized associa-
tion with asthma symptoms. However, the mechanisms link-
ing stress to the exacerbation of asthma are not well defined. 
 � -Opioid receptors (MOR) have been shown to be involved 
in the shift of the immune system toward a Th2-predomi-
nant response caused by psychological stress.  Objective:  To 
test the hypothesis that MOR play a role in the worsening of 
allergic airway inflammation evoked by psychological stress. 
 Methods:  Sensitized mice were exposed to restraint stress 
followed by antigen challenge. The levels of corticosterone 
and ovalbumin (OVA)-specific IgE in the blood and the levels 
of inflammatory cells and cytokine contents in bronchoal-
veolar lavage fluid were compared between stressed and 
nonstressed mice. The effects of MOR gene deletion and 
MOR antagonists/agonists were also investigated.  Results:  
Stress exposure was confirmed by an increase in corticoste-
rone levels. Although OVA-specific IgE levels were not sig-
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IL-13. Inflammatory mediators released from these cells 
upon stimulation, such as arachidonic acid metabolites 
and reactive oxygen species, evoke the airway narrowing 
and airway hyper-responsiveness observed in asthmatics 
 [1–4] . 

 Various clinical studies have demonstrated an asso-
ciation between psychological stress and aggravation of 
asthma symptoms  [5, 6] . For example, one study found 
that 20–35% of asthmatics experience exacerbation of 
symptoms during periods of stress  [7] . In childhood asth-
ma, high levels of ongoing chronic stress combined with 
an acutely negative life event increase the risk of asthma 
attacks  [8] . Furthermore, psychological stress has effects 
on the inflammatory and immune responses implicated 
in asthma, such as Th2 cytokines. For example, chronic 
stress caused by academic examinations was shown to 
increase IL-5 production and eosinophil accumulation 
after antigen inhalation in college students with mild 
asthma  [9, 10] . However, the precise mechanisms linking 
psychological stress to exacerbation of asthma are not 
well understood.

  Psychological stress upregulates the production of en-
dogenous opioids, including endorphins, enkephalins 
and dynorphins. These endogenous opioids exert their 
effects, such as analgesia, neuroendocrine functions and 
immunoregulation, through binding to opioid receptors 
consisting of 3 subtypes,  � ,  �  and  �   [11, 12] . The hypotha-
lamic-pituitary-adrenal (HPA) axis and sympathetic and 
adrenomedullary (SAM) system are activated by opioids 
in stressful conditions through the binding of ligands to 
 � -opioid receptors (MOR). Activation of the HPA axis 
and SAM system results in enhanced secretion of cortisol 
and catecholamines, respectively  [13–15] . These stress 
hormones have been reported to shift the immune re-
sponse from Th1 to Th2 by downregulating Th1 cytokine 
expression  [16] . MOR are also expressed on inflamma-
tory cells, including T cells, monocytes/macrophages and 
dendritic cells  [17, 18] . The activation of MOR on T cells 
was reported to induce the differentiation of Th2 cells 
and a shift from Th1 to Th2 responses  [19–21] . Further-
more, we recently reported that psychological stress, in 
this case ‘restraint stress’, exacerbated antigen-induced 
airway inflammation in wild-type mice but not in MOR 
gene knockout (MORKO) mice  [22] . 

  These findings led us to hypothesize that MOR play an 
important role in the worsening of allergic airway in-
flammation caused by psychological stress. To address 
this hypothesis, we examined the effects of opioid recep-
tor antagonists, as well as MORKO, on stress-induced 
asthma exacerbation and the potential of MOR agonists 

to exacerbate allergic airway inflammation using a mu-
rine model of asthma. In addition, to clarify which MOR 
in the central nervous system (CNS) or on inflammatory 
cells are involved in such exacerbation, the effects of in-
tracerebroventricular and intraperitoneal injection of 
MOR antagonists were investigated.

  Materials and Methods 

 Animals 
 Specific pathogen-free female C57BL/6 mice were purchased 

from Japan SLC (Hamamatsu, Japan). MORKO mice were gener-
ated as described previously  [23] . Congenic MORKO mice back-
crossed with C57BL/6 mice  [24] , and wild-type C57BL/6 mice (Ja-
pan SLC) were used as controls in this study. Animals were housed 
under a 12-hour light/dark cycle at a constant temperature (22  8  
2   °   C). Sterilized food and water were available ad libitum. All ex-
periments described below were approved by the Committee of 
Animal Experiments at Tohoku Pharmaceutical University and 
conformed to its guidelines.

  Protocols for Sensitization, Challenge and Stress Exposure 
 Mice 6–8 weeks of age were sensitized and made to inhale 

antigen as described previously  [22, 25] , but with a minor modi-
fication. Briefly, mice were sensitized by intraperitoneal injec-
tions of chicken ovalbumin (OVA; grade V, Sigma, St. Louis, Mo., 
USA; 8  � g/mouse) adsorbed with aluminum hydroxide (Wako 
Pure Chemical Industries, Osaka, Japan; 4 mg/mouse) on days 0 
and 5. For restraint stress, each mouse was placed in a 50-ml 
conical centrifuge tube with multiple ventilation holes for 6 h a 
day. Mice were not physically squeezed and felt no pain. This re-
straint allowed the mice to rotate from a supine to prone posi-
tion, but not to turn their heads toward their tails or to consume 
food and water  [22] . Restraint stress is generally regarded as in-
ducing psychological stress in animals  [26] . On day 30, stressed 
mice in 50-ml conical centrifuge tubes were left in the plastic 
chambers for 6 h. For the first hour of the period, aerosolized 
OVA flowed through the chambers so that the mice in the tubes 
were exposed to OVA. Stressed mice were further exposed to the 
restraint stress on 6 consecutive days, days 31–36, at the same 
time each day. Nonstressed mice were only deprived of food and 
water for the same period of time as the stressed mice were ex-
posed to stress. Deprivation of food and water has been used as 
a nonstress condition in other rodent experiments that investi-
gated the effect of restraint stress  [27, 28] . Before and immedi-
ately after the restraint stress on day 30, and immediately after 
the restraint stress on days 32 and 36, a retro-orbital blood sam-
ple was taken from the mice after anesthetization with diethyl-
ether (Wako) and stored on ice until further processing. Blood 
was collected from nonstressed mice in the same way. Plasma 
samples separated from blood samples were stored at –80   °   C for 
corticosterone concentration measurements by enzyme immu-
noassay (EIA). On day 37, stressed and nonstressed mice were 
challenged with aerosolized OVA or saline (second challenge). 
Before and after the second challenge, as shown in  figure 1 a, 
bronchoalveolar lavage (BAL) was performed as described previ-
ously  [22, 25] . Briefly, the lungs were dissected and the trachea 
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was cannulated with a polyethylene tube (Becton Dickinson, 
Sparks, Md., USA). The lungs were lavaged twice by the injection 
of 0.25 ml of cold saline through the tube, and the recovered sa-
line was pooled. Approximately 0.4 ml of instilled fluid was con-
sistently recovered from each mouse. BAL fluid was processed 
for the measurement of cytokine contents and for counting total 
cells and cell differentials. After centrifugation of BAL fluid, su-
pernatants were stored at –80   °   C for cytokine measurements by 
ELISA ( fig. 1 a). In experiments with opioid receptor antagonists 
( fig. 1 b),  � -funaltrexamine ( � -FNA; (a MOR antagonist; Tocris, 
Bristol, UK), naltrindole (a  � -opioid receptor antagonist; Sigma), 
nor-binaltorphimine (nor-BNI; a  � -opioid receptor antagonist; 
Sigma) and naloxone methiodide (a nonselective opioid receptor 
antagonist; Sigma) were intraperitoneally or intracerebroven-
tricularly administered 1 h before each period of stress at the 
dose indicated  [29–31]  to the stressed and nonstressed mice. 
These mice were then exposed to OVA on day 37 (second chal-
lenge). In experiments with the MOR agonist ( fig. 1 c), morphine 
hydrochloride (Sankyo, Tokyo, Japan; 0.3, 1, 3 and 10 mg/kg 
body weight) was administered subcutaneously to the non-
stressed mice instead of stress exposure. These mice were then 
exposed to OVA on day 37 (second challenge). The antagonists 
and agonist were dissolved in sterilized calcium- and magne-
sium-free phosphate-buffered saline (PBS; Wako), which was 
used as a control for the agents.

  Corticosterone Assays 
 The corticosterone concentration in plasma was measured us-

ing an EIA kit (Assay Designs Inc., Ann Arbor, Mich., USA) ac-
cording to the manufacturer’s protocol. The sensitivity was 32 
pg/ml.

  OVA-Specific IgE Measurement 
 Serum levels of OVA-specific IgE on day 37 before the second 

challenge were measured with ELISA, as described previously 
 [32] .

  Cytokine Assays 
 IL-4, IL-5, IL-13 and IFN- �  concentrations in the BAL fluid 

were measured using an ELISA kit (R&D Systems, Minneapolis, 
Minn., USA) according to the manufacturer’s protocol. The sen-
sitivity of detection was 2 pg/ml for IL-4 and IFN- � , 7 pg/ml for 
IL-5 and 1.5 pg/ml for IL-13.

  Statistical Analysis  
 Data are expressed as means  8  SD. The number values are 

from multiple independent experiments with 2–4 mice. Signifi-
cant differences between two groups were determined using the 
nonparametric Mann-Whitney U test. Significant differences in 
corticosterone concentrations in plasma after stress exposure, in 
the cell counts in BAL fluid during the time period after the sec-
ond challenge and in BAL fluid from mice treated with various 
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  Fig. 1.  Diagrammatic representation of
the protocols for sensitization, challenge 
and stress exposure.  a  Stress exposure pro-
tocol.  b  Stress exposure plus opioid recep-
tor antagonists protocol.  c   � -Opioid re-
ceptor agonist protocol. 
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doses of morphine were determined using one-way analysis of 
variance followed by Bonferroni’s test. These analyses were per-
formed using Prism 4 (GraphPad Software, San Diego, Calif., 
USA). A p value of less than 0.05 was considered significant.

  Results 

 The Effect of Restraint Stress on Plasma 
Corticosterone Concentrations 
 While there were no significant differences in corti-

costerone concentrations between stressed and non-
stressed mice before stress exposure, corticosterone con-
centrations in stressed mice were significantly higher 
than in nonstressed mice after the 1st, 3rd and 7th stress 
exposure [1st exposure: 368.7  8  135.9 (n = 7) vs. 223.7  8  
53.2 ng/ml (n = 7), p  !  0.05; 3rd exposure: 228.0  8  53.3 
(n = 5) vs. 144.2  8  17.9 ng/ml (n = 5), p  !  0.05; 7th expo-
sure: 197.7  8  52.0 (n = 4) vs. 89.5  8  10.2 ng/ml (n = 4),
p  !  0.05] ( fig. 2 ). Corticosterone concentrations after the 
1st stress exposure were significantly increased in both 
stressed (restraint stress with food and water deprivation) 
and nonstressed (only food and water deprivation) mice 
compared to concentrations before the 1st stress expo-
sure. The increase in nonstressed mice could have been 
due to food and water deprivation. Therefore, the differ-
ences in concentrations between stressed and nonstressed 
mice would only reflect the effect of the restraint stress. 
Although corticosterone concentrations tended to de-
crease with repeated exposure to stress in the stressed 
group and over time in the nonstressed group, this de-
crease did not reach significance ( fig. 2 ).

  The Effect of Restraint Stress on OVA-Specific IgE in 
Plasma 
 The levels of OVA-specific IgE in stressed mice were 

not significantly different from those in nonstressed mice 
[5.1  8  2.0 (n = 8) vs. 6.4  8  2.0 EU/ml (n = 7)] on day 37 
before the second challenge.

  Worsening of Antigen-Induced Airway Inflammation 
due to Restraint Stress 
 In stressed mice, the numbers of total cells, eosino-

phils and lymphocytes in BAL fluid 3 days after the sec-
ond OVA challenge (day 40) were significantly increased 
compared to those before the second OVA challenge (day 
37) [day 40 (n = 11) vs. day 37 (n = 6) in the stress/OVA 
group: total cells, 178.8  8  88.9 vs. 35.9  8  19.0  !  10 4  
cells/ml, p  !  0.01; eosinophils, 131.9  8  77.6 vs. 22.5  8  
18.5  !  10 4  cells/ml, p  !  0.01; lymphocytes, 22.8  8  10.9 
vs. 3.8  8  2.2  !  10 4  cells/ml, p  !  0.05] ( fig. 3 b). However, 

the second challenge with saline in stressed mice did not 
increase the numbers of those cells [day 40 (n = 6) vs. day 
37 (n = 9) in the stress/saline group: total cells, 16.1  8  9.4 
vs. 36.6  8  20.7  !  10 4  cells/ml; eosinophils, 0.7  8  1.4 vs. 
16.8  8  14.2  !  10 4  cells/ml; lymphocytes, 2.1  8  2.5 vs. 
5.0  8  4.1  !  10 4  cells/ml] nor of macrophages and neu-
trophils. In stressed mice, there were significant differ-
ences in the numbers of total cells (p  !  0.01), eosinophils 
(p  !  0.01) and lymphocytes (p  !  0.01) between the OVA 
and saline challenge on day 40. On the other hand, in 
nonstressed mice, there was no statistically significant 
increase in the numbers of total cells, eosinophils and 
lymphocytes, nor of macrophages and neutrophils, in 
BAL fluid at any time point after the second OVA chal-
lenge compared to the numbers of cells before the second 
OVA challenge (day 37) [day 40 (n = 10) vs. day 37 (n = 6) 
in the nonstress/OVA group: total cells, 85.4  8  33.4 vs. 
54.3  8  21.4  !  10 4  cells/ml; eosinophils, 52.0  8  29.2 vs. 
41.2  8  27.8  !  10 4  cells/ml; lymphocytes, 12.3  8  5.6 vs. 
7.8  8  3.9  !  10 4  cells/ml] ( fig. 3 a). There was also no sig-
nificant increase in the numbers of inflammatory cells 
after the second challenge with saline [day 40 (n = 6) vs. 
day 37 (n = 8) in the nonstress/saline group: total cells, 
21.6  8  4.2 vs. 51.4  8  33.1  !  10 4  cells/ml; eosinophils, 2.8 
 8  2.7 vs. 29.7  8  28.0  !  10 4  cells/ml; lymphocytes, 4.0 
 8  1.8 vs. 6.4  8  3.5  !  10 4  cells/ml]. However, in non-
stressed mice, there were significant differences in the 
numbers of total cells (p  !  0.01), eosinophils (p  !  0.01) 
and lymphocytes (p  !  0.01) between the OVA and saline 
challenge on day 40. Comparing the numbers of inflam-
matory cells between stressed and nonstressed mice on 
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  Fig. 2.  The effect of restraint stress on blood corticosterone con-
centrations. Blood was collected from stressed (black bars) and 
nonstressed (white bars) mice before the 1st stress and after the 
1st, 3rd and 7th stress exposure, and the corticosterone levels in 
blood were measured by EIA. Data are expressed as means  8  SD 
(n = 4–7).  *  p  !  0.05 compared to nonstressed mice. 
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day 40 (3 days after the second OVA challenge), signifi-
cant differences were found in numbers of total cells (p  !  
0.01), eosinophils (p  !  0.01) and lymphocytes (p  !  0.05), 
while there were no significant differences in the num-
bers of any type of cell between the groups on day 37 (be-
fore the second challenge). Therefore, in the following ex-
periments in this study, the numbers of inflammatory 
cells in BAL fluid were evaluated on day 40.

  The levels of IL-4, IL-5 and IL-13 in BAL fluid from 
stressed and OVA-challenged mice were significantly 
higher than those in nonstressed and OVA-challenged 
mice on day 38 (1 day after the second OVA challenge; 
 table 1 ). In stressed mice, the levels of these cytokines 
were decreased on day 40 (3 days after the second chal-
lenge) and were below the limit of detection on day 42 (5 
days after the second challenge), while these cytokines 
were not detected on either day 40 or 42 in nonstressed 
mice. Similar levels of IL-13 were detected even after the 
saline challenge in stressed and nonstressed mice, al-
though the levels were significantly lower than those in 
the OVA-challenged mice. The presence of IL-13 in sa-

line-challenged mice could be due to the effect of the first 
OVA challenge on day 30. IFN- �  was detected in stressed 
and nonstressed mice only on day 38, after the second 
OVA challenge, when the levels were not significantly 
different between the groups ( table 1 ).
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  Fig. 3.  Time course of changes in cell num-
bers in the BAL fluid from stressed and 
nonstressed mice after the second OVA in-
halation. In the BAL fluid from non-
stressed ( a ) and stressed ( b ) mice chal-
lenged with OVA, the numbers of total 
cells ( + ), macrophages ( I ), eosinophils 
( d ), neutrophils ( y ) and lymphocytes ( _ ) 
were counted at the time points indicated. 
Data are expressed as means  8  SD (n = 
6–11).  *  p  !  0.05,  *  *  p  !  0.01 compared to 
prior to the challenge (day 37). 

Table 1. Cytokine contents in BAL fluids from the stressed and 
nonstressed B6 mice on day 38

2nd
challenge 

IL-4
pg/ml

IL-5
pg/ml 

IL-13
pg/ml

IFN-�
pg/ml

Nonstressed
OVA
Saline

3.784.0
0.080.0

10.988.4
0.080.0 

50.6849.3
23.387.5

3.580.5
0.080.0

Stressed
OVA
Saline

26.587.2**
0.080.0

23.1810.2*
0.080.0

195.38133.7*
26.8815.8

4.381.4
0.080.0 

Data are expressed as means 8 SD (n = 4–7). * p < 0.05,
** p < 0.01 compared to the nonstressed mice.
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  Abolishment of Restraint Stress-Induced Aggravation 
in MORKO Mice 
 In both stressed and nonstressed MORKO mice, there 

were no significant increases in the numbers of any type 
of cell in BAL fluids on day 40 (3 days after the second 
OVA challenge) compared to those on day 37 (before the 
second challenge), and there was no significant difference 
in the numbers of any type of cell in BAL fluid between 
stressed and nonstressed MORKO mice on either day 37 
(data not shown) or day 40 ( fig. 4 ). The levels of IL-4, IL-
5, IL-13 and IFN- �  in BAL fluid of stressed MORKO mice 
were not significantly different from those of nonstressed 
MORKO mice on day 38 (1 day after the second OVA 
challenge;  table 2 ).

  Worsening of Antigen-Induced Airway Inflammation 
by Morphine, a MOR Agonist 
 To investigate whether MOR activation exacerbates 

antigen-induced airway inflammation, we examined the 
effect of administration of the MOR agonist morphine as 
a replacement for restraint stress in wild-type mice with-

out stress. The systemic administration of morphine
(1 mg/kg) produced significant increases in the numbers 
of total cells, eosinophils and lymphocytes in BAL fluid 
compared to the administration of PBS [morphine (1 mg/
kg) (n = 9) vs. PBS (n = 11) in the nonstress/OVA group: 
total cells, 277.8  8  107.0 vs. 164.9  8  86.5  !  10 4  cells/ml, 
p  !  0.05; eosinophils, 192.0  8  73.2 vs. 118.4  8  71.3  !  
10 4  cells/ml, p  !  0.05; lymphocytes, 55.0  8  32.9 vs. 25.1 
 8  18.1  !  10 4  cells/ml, p  !  0.05). However, doses of 0.3, 
3 and 10 mg/kg morphine did not produce significant ef-
fects on the numbers of any types of cells in BAL fluid 
compared with PBS ( fig. 5 ). In contrast to the results for 
wild-type mice, in MORKO mice, administration of 
morphine (1 mg/kg) did not significantly affect the num-
bers of inflammatory cells in BAL fluid compared with 
PBS administration (data not shown).

  Inhibitory Effects of Antagonists for  � -, but Not 
 � - and  � -Opioid Receptors on Stress-Induced 
Aggravation 
 To investigate whether other opioid receptors, such as 

 � - and  � -receptors, rather than MOR were involved in 
stress-induced exacerbation of antigen-induced airway 
inflammation, we examined the effect of systemic ad-
ministration of antagonists for opioid receptors in wild-
type mice. The increase in total cells, but not eosinophils 
and lymphocytes, in BAL fluid from stressed mice treat-
ed with PBS was abolished in stressed mice treated with 
 � -FNA (10 mg/kg, i.p.), a MOR antagonist [PBS (n = 7) 
vs.  � -FNA (n = 8) in the stress/OVA group: total cells 
291.1  8  106.7 vs. 172.7  8  83.5  !  10 4  cells/ml, p  !  0.05]. 
Treatment with nor-BNI (10 mg/kg, i.p.), a  � -opioid re-
ceptor antagonist, and naltrindole (10 mg/kg, i.p.), a  � -
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  Fig. 4.  Comparison of cell numbers in BAL 
fluids between stressed and nonstressed 
MORKO mice after the second OVA chal-
lenge. The numbers of total cells, macro-
phages, eosinophils, neutrophils and lym-
phocytes in BAL fluids from stressed 
(black bars) and nonstressed (white bars) 
MORKO mice 3 days after OVA challenge 
were counted. Data are expressed as means 
               8  SD (n = 7).           

Table 2. Cytokine contents in BAL fluids from the stressed and 
nonstressed MORKO mice on day 38

IL-4
pg/ml

IL-5
pg/ml

IL-13
pg/ml

IFN-�
pg/ml

Nonstressed 29.6819.7 36.8814.1 41.8841.8 12.884.1
Stressed 21.4813.8 36.882.5 92.1871.4 10.580.5

Data are expressed as means 8 SD (n = 4–7).
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opioid receptor antagonist, had no significant effect on 
the increase in total cells, eosinophils and lymphocytes 
in BAL fluid from stressed mice (data not shown). 

  Abolishment of Stress-Induced Aggravation by a 
MOR-Selective Antagonist in the CNS 
 The above results revealed that MOR were involved in 

stress-induced aggravation of antigen-induced airway in-
flammation. Since MOR are expressed not only in the 
CNS  [11, 12] , but also on immune cells  [17, 18] , as a next 
step, we investigated which MOR present in the CNS or 
on immune cells are involved in aggravation, by intra-
cerebroventricular injection of  � -FNA to selectively an-
tagonize MOR in the CNS, and by intraperitoneal injec-
tion of naloxone methiodide for opioid receptors, includ-
ing MOR, in the periphery. The increase in the numbers 
of total cells, eosinophils and lymphocytes in the BAL 
fluid caused by restraint stress was abolished by intra-
cerebroventricular administration of  � -FNA (5 nmol/
mouse) [PBS (n = 7) vs.  � -FNA (n = 7) in the stress/OVA 
group: total cells, 297.5  8  119.1 vs. 124.6  8  42.5  !  10 4  
cells/ml, p  !  0.01; eosinophils, 217.3  8  84.0 vs. 91.2  8  
39.9  !  10 4  cells/ml, p  !  0.01; lymphocytes, 45.6  8  21.8 
vs. 18.3  8  8.4  !  10 4  cells/ml, p  !  0.05). Stressed mice
that were injected intracerebroventricularly with  � -FNA 
showed similar levels of cells to nonstressed mice that
were injected intracerebroventricularly with vehicle 
( fig. 6 a). By contrast, treatment with a peripherally re-
stricted opioid antagonist, naloxone methiodide (10 mg/
kg), did not reduce the increase in the inflammatory cells 
in BAL fluid of stressed mice that were treated intraperi-
toneally with vehicle, and stressed mice that were inject-
ed intraperitoneally with naloxone methiodide still 

showed a significant increase in the numbers of total cells 
and eosinophils compared to nonstressed mice that were 
injected intraperitoneally with vehicle ( fig. 6 b).

  Discussion 

 The present study demonstrated for the first time that 
MOR in the CNS are involved in psychological stress-in-
duced aggravation of airway inflammation in a murine 
model of allergic asthma using MORKO mice and MOR 
antagonists/agonists.

  The effect of restraint stress as a model of psychologi-
cal stress was confirmed by the findings shown in  figure 
2 , in which the levels of corticosterone, one of the stress 
hormones  [33] , were significantly higher in stressed mice 
than in nonstressed mice. Corticosterone levels in both 
stressed (restraint stress + deprivation of food and water) 
and nonstressed (only food and water deprivation) groups 
declined with repeated stress, although the decline was 
not statistically significant. It has been suggested that re-
peated stress induces a state of hyporesponsiveness of the 
HPA axis, whereby corticosterone secretion is attenuated 
 [34] . In other rodent models, repeated stress ranging 
from 4 to 14 days was required to induce worsening of al-
lergic airway inflammation  [22, 35–37] . By contrast, 
short-term restraint stress reduced allergic airway in-
flammation  [22, 35] ; therefore, prolonged period of re-
peated stress was used in this study, as in our previous 
study  [22] . Allergen-induced airway inflammation in 
stressed mice was more severe than in nonstressed mice, 
in association with greater amounts of Th2 cytokines. 
These findings are consistent with previous reports using 
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mouse models with different types of psychological stress, 
such as sound stress, restraint stress and forced swim 
stress  [22, 35] . All experiments described here were con-
ducted in B6 mice. There are several pieces of evidence 
that support the idea that allergic inflammatory respons-
es in airways vary widely in different strains of mice  [38] . 
BALB/c mice have been commonly used for mouse mod-
els of allergic asthma. To ensure that the effect of restraint 
stress was not specific to B6 mice, we previously analyzed 
the same protocol in BALB/c mice  [22] . While the results 
of the experiments using BALB/c mice were similar to 
those obtained using B6 mice, stress was relatively more 
effective in B6 mice. Furthermore, the genetic back-
ground of the MORKO mice used in the current study 
was B6.

  In MORKO mice, the numbers of inflammatory cells 
in BAL fluid were not significantly different from those 
in wild-type mice under nonstressed conditions, al-
though the levels of IL-4 and IL-5 were significantly high-
er. The reason for the differences in cytokine levels be-
tween MORKO and wild-type mice was not determined. 

However, in contrast to the results for wild-type mice, no 
significant worsening of inflammatory cell numbers and 
cytokine levels in BAL fluid was observed in MORKO 
mice under stress conditions. These results suggest that 
MOR are involved not in the development but the exac-
erbation of allergen-induced airway inflammation. The 
involvement of MOR in stress-induced aggravation of al-
lergic airway inflammation was further investigated by 
the replacement of stress with a MOR agonist, morphine. 
As shown in  figure 5 , the administration of 1 mg/kg mor-
phine, but not of 0.3, 3 or 10 mg/kg, induced an increase 
in inflammatory cells in BAL fluid after the second al-
lergen challenge. The analgesic effect exerted by 1 mg/kg 
morphine was similar to that evoked by the restraint 
stress used in this study  [39] . Administration of 0.3 mg/
kg might not be sufficient to stimulate MOR. Adminis-
tration of higher doses of morphine could have desensi-
tized MOR, an idea that is supported by findings that 
repeated administration of morphine at doses of 3 mg/kg 
or 10 mg/kg for 5–7 days resulted in tolerance to mor-
phine-induced analgesia  [40, 41] . There are several pieces 
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of evidence showing that desensitization of MOR via the 
activation of protein kinase C and internalization of 
MOR via activation of arrestin are major mechanisms 
that reveal antinociceptive tolerance due to chronic treat-
ment with morphine  [42, 43] . The MOR-dependent mor-
phine effect was confirmed by the loss of the effect in 
MORKO mice. Severe asthma exacerbations related to 
the use of opioids such as heroin and morphine (a heroin 
metabolite) have received attention as a public health is-
sue. The possible mechanisms have been thought to be 
sensitization against opioid antigen and pharmacological 
degranulation of mast cells independent of opioid recep-
tors  [44, 45] . The results of the current study suggest the 
possibility that opioid use exacerbates allergen-induced 
asthma attacks through MOR activation.

  Endogenous opioids released upon exposure to psy-
chological stress are able to bind to 3 subtypes of opioid 
receptors, i.e.  � ,  �  and  �   [12, 13] . MOR involvement was 
pharmacologically investigated with opioid receptor an-
tagonists specific for each subtype. The simultaneous 
administration of  � -FNA, a MOR antagonist, with re-
straint stress significantly reduced the number of total 
cells in BAL fluid compared to the simultaneous admin-
istration of vehicle. However, the reduction in the num-
bers of eosinophils and lymphocytes was not statistical-
ly significant, the reason for which will be discussed be-
low. On the other hand, naltrindole, a  � -opioid receptor 
antagonist, and nor-BNI, a  � -opioid receptor antagonist, 
showed no significant effects on the increase in total 
cells, nor on eosinophils and lymphocytes, under the 
stress conditions. These observations suggest that sub-
types of opioid receptors other than MOR are unlikely to 
be involved in stress-induced aggravation of airway in-
flammation.

  Opioid-induced immunomodulation is thought to be 
mediated centrally by MOR localized in the CNS and pe-
ripherally by MOR expressed on immune cells  [46] . To 
clarify which MOR contribute to stress-induced aggrava-
tion, MOR in the CNS were selectively antagonized by 
intracerebroventricular injection of  � -FNA, and MOR in 
the periphery were selectively antagonized by intraperi-
toneal injection of naloxone methiodide, a nonselective 
opioid receptor antagonist that is unable to pass through 
the blood-brain barrier. Stress-induced aggravation was 
significantly reduced by intracerebroventricular injec-
tion of  � -FNA, but not by intraperitoneal injection of nal-
oxone methiodide. These results indicate that the MOR 
involved in stress-induced aggravation could be localized 
in the CNS. The participation of the CNS in stress-in-
duced aggravation of airway inflammation and obstruc-

tion has been suggested in previous reports. Rosenkranz 
et al.  [47]  showed that activation in the anterior cingu-
lated cortex and insula in response to asthma-relevant 
emotional stimuli, demonstrated by functional magnetic 
resonance imaging, was associated with airway inflam-
mation and obstruction in asthmatics exposed to anti-
gen. This study suggests a functional link between emo-
tion-processing circuits in the brain and peripheral phys-
iological processes relevant to airway inflammation and 
narrowing subsequent to antigen exposure in the lungs 
 [47] . Joachim et al.  [48]  reported that, in asthmatics, stress 
perception was correlated with serum levels of brain-de-
rived neurotrophic factor involved in central stress pro-
cessing and, furthermore, that forced expiratory volume 
in 1 s was negatively correlated with brain-derived neu-
rotrophic factor. In contrast to intracerebroventricular 
administration ( fig. 6 a), intraperitoneal administration 
of  � -FNA showed no significant effects on the numbers 
of eosinophils and lymphocytes, as mentioned above. 
This lack of effect might be due to the fact that the intra-
peritoneal dose of  � -FNA in the CNS was not sufficient 
to antagonize MOR in the CNS. 

  It has become increasingly apparent that psychologi-
cal stress increases the frequency, duration and severity 
of asthmatics’ symptoms by enhancing airway inflam-
matory responses to environmental triggers such as in-
haled allergen, characterized by further skewing of the 
balance toward a Th2-dominant cytokine profile  [49] . 
Students with asthma showed increases in eosinophils 
and IL-5 in sputum and enhanced and reduced produc-
tion of Th2 and Th1 cytokines, respectively, by mono-
nuclear cells in peripheral blood during exam periods 
compared to non-exam periods  [9, 10, 50] . It has been re-
ported that lower socioeconomic status and more stress-
ful life events are associated with higher levels of Th2 
cytokine production and eosinophil counts in peripheral 
blood  [51–53] . In animal models of asthma, various types 
of psychological stress such as electrical footshock stress, 
sound stress, restraint stress and forced swim stress have 
been shown to exacerbate allergen-induced airway in-
flammation  [22, 35–37] . The HPA axis and SAM system 
have been proposed as relevant pathways through which 
stress modifies inflammatory/immune responses to in-
duce asthma exacerbation. Stimulation of the HPA axis 
and SAM system results in the release of stress hormones 
corticosterone and catecholamine, which have the poten-
tial to shift immune responses to Th2 predominance  [33, 
34, 54] . However, the psycho-neuro-endocrino-immuno-
logical cascade in the worsening of asthma symptoms 
due to psychological stress is not fully understood. There 
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sound stress-aggravated airway inflammation.

  In summary, the present study identified for the first 
time that MOR are one group of candidates in the CNS 
linking psychological stress to the worsening of allergen-
induced airway inflammation. The mechanism by which 
the activation of MOR in the CNS was triggered by psy-
chological stress to induce immune alterations favoring 

asthmatic exacerbations should be further investigated, 
paying particular attention to activation of the HPA axis 
and SAM system.
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