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Enhanced Resistance of Restraint-Stressed Mice to Sepsis1

Yu Wang, Ying Lu, Duo Yu, Yongqiang Wang, Fuyong Chen, Hanchun Yang,2

and Shijun J. Zheng2

Sepsis remains a major health concern across the world. The effects of stress on host resistance to sepsis are still not very clear.
To explore the effects of chronic stress on sepsis’ we examined the impact of restraint stress on the resistance of mice to sepsis.
Interestingly, it was found that restraint stress enhanced the antisepsis resistance of mice and the concentrations of the proin-
flammatory cytokines IL-1, IL-6, IL-12, and TNF-� in the blood of stressed mice were dramatically reduced post Escherichia coli
infection or LPS treatment as compared with that of controls (p < 0.05). In addition, the mRNA expressions of glucocorticoid-
induced leucine zipper (GILZ) were up-regulated in the spleen and peritoneal macrophages of mice receiving restraint stress or
dexamethasone treatment. These results demonstrate that restraint stress enhances the resistance of mice to sepsis, supporting
corticotherapy for sepsis and proposing restraint-stressed mouse as an animal model to elucidate mechanisms of stress-associated,
antisepsis resistance. The Journal of Immunology, 2008, 181: 3441–3448.

T he physical restraint or immobilization of animals is used
as a “stressor” for the induction of stress response syn-
dromes in animals (1). The physical restraint stress has

been widely used as a stress model to dissect the stress-associated
alteration of physiological, immunological, and neurobiological
status in mammals (2, 3). Although stress has been recognized for
a long time, its impacts on immunity and underlying mechanisms
are still not completely known. It has been shown that the en-
hancement of immune responses by acute stress is dependent on
the hypothalamic-pituitary-adrenal axis (4), while the mechanisms
by which chronic stress exerts its immunosuppressive effects are
via the reduction of immune cells by Fas-mediated apoptosis (5,
6), which may involve, at least in some cases, the up-regulated
expression of Fas by endogenous opioids (3).

Stress response is associated with a rise in glucocorticoid con-
centration in blood, which is regulated by the hypothalamic-pitu-
itary axis with the aim of maintaining homeostasis (7). Glucocor-
ticoids can interact with receptors in both the hypothalamus and
pituitary gland to reduce the release and synthesis of the cortico-
trophin-releasing hormone and the adrenocorticotrophic hormone,
respectively, which is the principal feedback regulation (8). Glu-
cocorticoids may also modulate immune responses by direct bind-
ing to their high-affinity receptors on immune cells. Consequently,
the glucocorticoid-receptor complex enters the nucleus and inter-
acts directly with specific DNA sites (glucocorticoid-responsive
elements), exerting both inhibitory and activating actions on tran-
scription (7, 9, 10). As such, stress may have significant impacts on
immune responses via glucocorticoids that may alter the suscep-
tibility of hosts to various diseases.

Sepsis is clinically caused by Gram-negative (G�)3 or Gram-
positive (G�) bacterial infections associated with the uncontrolla-
ble release of high levels of proinflammatory cytokines such as
TNF-�, IL-1, IL-6, IL-12, and other inflammatory mediators, lead-
ing to multiple critical organ failure in host (11). Although both
G� and G� bacterial infection can cause sepsis, the essential com-
ponents of G� and G� bacteria triggering sepsis may vary. The
prime mediator of G� bacterial sepsis is LPS, an essential component
of the outer membrane of G� bacteria, whereas peptidoglycan, a ma-
jor component of the G� bacterial cell wall, together with lipoteichoic
acid, triggers sepsis (12, 13). In addition, bacterial DNA may also
cause sepsis (14). Currently the precise mechanisms underlying G�

and G� bacterial sepsis are still not very clear.
Because sepsis is associated with an intense inflammatory re-

sponse, glucocorticoids are clinically used to treat sepsis due to its
anti-inflammatory effect. Although many effects of glucocorticoids
on the immune and inflammatory responses have been described in
vitro, their clinical relevance remains controversial (7). The use of
glucocorticoids (corticotherapy) in severe sepsis is one of the main
controversial issues in critical care medicine. The high-dose glu-
cocorticoids in the treatment of severe sepsis and septic shock have
not yielded a positive clinical outcome (15, 16), while the low-
dose glucocorticoids had anti-inflammatory effects as demon-
strated by a decrease in inflammatory response and an increase in
anti-inflammatory cytokines (17). In addition, the use of low-dose
glucocorticoids in treatment of patients with septic shock associ-
ated with adrenal insufficiency or adrenal failure have shown de-
creased mortality (7, 18). It seems that the outcome from the use
of glucocorticoids in the treatment of severe sepsis depends on the
dosage of glucocorticoids. Although it is generally accepted
that chronic stress often results in immunosuppression while
acute stress has been shown to enhance immune responses (3,
4), the effects of restraint stress on host resistance to sepsis are
still not clear. In this study we show that restraint stress
enhances the resistance of mice to sepsis via inhibiting the

College of Veterinary Medicine and State Key Laboratory of Agrobiotechnology,
China Agricultural University, Beijing, China

Received for publication December 24, 2007. Accepted for publication July 2, 2008.

The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked advertisement in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.
1 This work was supported by National Basic Research Program (Project 973) of
China Grant 2006CB504303 (to S.J.Z.) and National Natural Science Foundation of
China Grants 30725026 and 30671568 (to S.J.Z.).
2 Address correspondence and reprint requests to Dr. Shijun J. Zheng or Dr. Hanchun
Yang, College of Veterinary Medicine and State Key Laboratory of Agrobiotechnol-
ogy, China Agricultural University, 2 Yuanmingyuan West Road, Beijing 100193,
China. E-mail addresses: sjzheng@cau.edu.cn and yanghanchun1@cau.edu.cn

3 Abbreviations used in this paper: G�, Gram negative; DEX, dexamethasone; EIA,
enzyme immunoassay; G�, Gram positive; GILZ, glucocorticoid-induced leucine
zipper.

Copyright © 2008 by The American Association of Immunologists, Inc. 0022-1767/08/$2.00

The Journal of Immunology

www.jimmunol.org

 by guest on M
arch 7, 2022

http://w
w

w
.jim

m
unol.org/

D
ow

nloaded from
 

http://www.jimmunol.org/


production of proinflammatory cytokines by macrophage, pro-
viding novel evidence to dissect the underlying mechanisms of
the antisepsis effects of restraint stress. These findings support
the clinical use of glucocorticoids in the treatment of sepsis and
may allow restraint stress to be used as a model to elucidate
mechanisms of corticotherapy for sepsis.

Materials and Methods
Mice

Six- to 8-wk-old inbred BALB/c male mice were purchased from Vital
River. All mice were maintained in our animal facility with food and water
ad libitum for a minimum of 7 days before experimentation. All procedures
were approved by the Animal Care and Use Committee of China Agricul-
tural University (Beijing, China).

Reagents

Both LPS (Escherichia coli O111: B4) and dexamethasone (DEX) were
purchased from Sigma-Aldrich, a corticosterone enzyme immunoassay
(EIA) kit was from Cayman Chemical, ELISA sets for IL-1�, IL-6, IL-12,
and TNF-� were from BD Pharmingen, mouse IFN-� was from Peprotech,
TRIzol reagent was from Invitrogen, oligo d(T) and RNase inhibitor were
from TaKaRa, Moloney murine leukemia virus reverse transcriptase was
from Promega, dNTPs were from Tiangen, and the LightShift chemilumi-
nescent EMSA kit was from Thermo Fisher.

Mouse model of restraint stress

Mice were subjected to restraint stress as previously described (6).
Seven-to 9 wk old male BALB/c mice were placed in a 50-ml conical
centrifuge tube filled with multiple punctures and held horizontally in the
tubes for a continuous 14 h followed by a 10-h rest. The control littermates
were kept in their original cage. Food and water were provided ad libitum
for both stressed and control mice during the rest period of the experimen-
tal groups. Mice were physically restrained for two cycles before E. coli
infection or LPS treatment via i.p. injection.

Thymocyte and splenocyte count

Mice were sacrificed by cervical dislocation. The thymus and spleen were
surgically removed and weighed before a single cell suspension was pre-
pared using a 200m wire mesh. Thymocytes and splenocytes were counted
using a hemocytometer under the microscope after lysing RBC with a lysis
solution containing 1.78 M NH4Cl and 0.03 M NH4HCO3.

Determination of level of corticosterone in plasma

Blood samples were collected with tubes containing an anticoagulant so-
lution of 4% sodium citrate. The blood samples were centrifuged at
1,000 � g for 10 min before the plasma was separated and stored at �70°C
until use. The concentration of corticosterone was determined using a cor-
ticosterone EIA kit from Cayman Chemical per the manufacturer’s
instructions.

E. coli challenge

E. coli (O149), a clinical isolate from diseased pigs and identified by the
Chinese Ministry of Agriculture Institute of Veterinary Drug Control (Bei-
jing, China), were grown in Luria-Bertani medium. The log-phase growing
cultures were washed twice with PBS and stored at �70°C until use. The
number of viable bacteria was determined by CFU assay before the infec-
tion of mice. Each mouse was i.p. injected with 5 � 107, 7.5 � 107, or 1 �
108 CFU of E. coli in a total volume of 200 �l for the survival test. The
sublethal dose of E. coli (2.5 � 107 CFU/mouse) was i.p. injected into the
mice for the examination of bacterial growth in the organs.

Staphylococcus aureus challenge

S. aureus (CVCC-C56010), which was purchased from the Ministry of
Agriculture Institute of Veterinary Drug Control in China, were grown in
trypti soy broth. The log-phase growing cultures were washed twice with
PBS and stored at �70°C until use. The number of viable bacteria was
determined by CFU assay before infection of mice. Each mouse was i.p.
injected with 4 � 107 or 2 � 108 CFU of S. aureus in a total volume of 200
�l for the survival test.

LPS treatment

Control and stressed mice were i.p. injected with different doses of LPS in
a total volume of 200 �l and observed every 8 h until the last survivor
recovered.

Recovery of bacteria from organs

Mice were i.p. injected with a sublethal dose of E. coli and sacrificed at 24,
36, and 72 h postinfection. The livers and spleens were surgically removed
and homogenized in PBS. Serial 10-fold dilutions of organ homogenates in
PBS were plated on Luria-Bertani agar culture medium and cultured for
24 h before the number of bacteria was determined by CFU on the plate.

Flow cytometry

Cells from peritoneal cavity, spleen, and peripheral blood were labeled at
4°C with the following Ab reagents: allophycocyanin-conjugated rat anti-
mouse CD11b (clone M1/70; BD Pharmingen) and Tri-color-conjugated
rat anti-mouse F4/80 (clone BM8; Invitrogen). After washing, cells were
fixed in 1% paraformaldehyde in PBS. Cells were analyzed on a FACS-
Calibur flow cytometer (BD Biosciences) using the CellQuest program
(BD Biosciences).

Collection of serum samples

Blood samples were collected by orbital puncture from stressed mice and
controls at the different time points following E. coli infection or LPS
treatment. Serum was separated by centrifugation after the blood clotted
and saved at �70°C until use.

Cytokine assay

The concentrations of IL-1�, IL-6, IL-12, and TNF-� in the serum and the
culture supernatant were measured by the ELISA sets (BD Pharmingen)
per the manufacturer’s instruction.

FIGURE 1. Organ weight and cell numbers were reduced in restraint-
stressed mice. A–D, The thymus and spleen organs were surgically re-
moved from the stressed mice (n � 5) and controls (n � 5) and weighed
(A and B). The total numbers of thymocytes (C) and splenocytes (D) were
determined. E, The concentrations of corticosterone in plasma were mea-
sured by using a corticosterone EIA kit. S1 stands for one cycle of restraint
stress and S2 represents two stress cycles. The differences between the S2
and control groups are statistically significant (p � 0.05 as determined by
ANOVA). Data are representative of three independent experiments.
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Cell culture

Stressed mice and controls were i.p. infected with E. coli at 2.5 � 107

CFU/mouse. Peritoneal macrophages were harvested 24 h after E. coli
infection and cultured for 48 h at 1 � 106 cells/ml in complete DMEM
containing 10% FBS with or without 200 pg/ml LPS and 10 U/ml IFN-�.
The concentrations of cytokines in the culture supernatant were measured
as described above.

DEX treatment and sample collection

Mice were i.p. injected with DEX at different doses (0.02, 0.2, and 2 mg per
kg of body weight). Three hours after DEX treatment, mice were sacrificed
before tissues and peritoneal macrophages were harvested and stored at
�70°C until use.

RNA extraction, cDNA synthesis, and RT-PCR

Total RNA was extracted from peritoneal macrophages and spleen tissue
using TRIzol reagent (Invitrogen) per the manufacturer’s instructions. One
microgram of total RNA was incubated with 0.5 �g of oligo d(T)15

(TaKaRa) for 5 min at 70°C to melt the secondary structure within the
sample before cooling immediately on ice and was subsequently combined
with 40 U of RNase inhibitor (TaKaRa), 1.25 mM dNTP (Tiangen), and
200 U of Moloney murine leukemia virus reverse transcriptase (Promega)
in reverse transcriptase buffer in a total volume of 25 �l before incubation
at 40°C for 90 min. To enable appropriate amplification in the exponential
phage for the target gene, PCR amplification of �-actin, TLR4, and glu-
cocorticoid-induced leucine zipper (GILZ) genes were conducted in sepa-
rate reactions using specific primers for �-actin (sense, 5�-TGGAATCCT
GTGGCATCCATGAAAC-3�; antisense, 5�-TAAAACGCAGCTCAGTAAC

AGTCCG-3�) (19), TLR4 (sense, 5�-CTGGGTGAGAAATGAGCTGG-3�;
antisense, 5�-GATACAATTCCACCTGCTGCC-3�) (19), and GILZ (sense,
5�-CAGCAGCCACTCAAACCAGC-3�; antisense, 5�-ACCACATCCCCTC
CAAGCAG-3�) (20). PCR was performed in a thermal cycler (PTC-200;
Bio-Rad) with a program containing an initial step at 94°C for 5 min
followed by 25 cycles for the amplification of �-actin, 30 cycles for that of
TLR4, and 28 cycles for that of GILZ genes, each cycle consisting of 94°C
for 20 s, 60°C for 20 s, and 72°C for 30 s. The resulting products were
quantified by electrophoresis on 2% agarose gel containing SYBR Green
and analyzed by AlphaEase software (Alpha Innotech). The mRNA level
of GILZ in each sample was normalized to the level of �-actin and cal-
culated as a ratio to the level of the control.

Nuclear protein extract and EMSA

Crude nuclear proteins were extracted from peritoneal macrophages using
a nuclear-cytosol extraction kit (Applygen) with a protease inhibitor mix-
ture (Roche). 5�-Biotin-labeled NF-�B consensus double stranded oligo-
nucleotides (5�-AGTTGAGGGGACTTTCCCAGG-3�) (21) were synthe-
sized by AuGCT Biotechnology. Detection of the NF-�B-oligonucleotide
complex was performed using a LightShift chemiluminescent EMSA kit
(Thermo Fisher) per the manufacturer’s instruction. Briefly, nuclear protein
(3–5 �g) was incubated with 20 fmol of biotin-labeled oligonucleotides for
30 min at room temperature in a 20-�l reaction volume containing 10 mM
HEPES-KOH (pH 7.9), 50 mM KCl, 2.5 mM MgCl2, 1 mM DTT, 10%
glycerol, 1 �g of DNase-free BSA, and 2.5 �g of polydeoxyinosinic-de-
oxycytidylic acid. The resulting products were resolved by electrophoresis
on a 6% polyacrylamide gel using 0.5 � Tris-borate EDTA (TBE) buffer.
NF-�B-oligonucleotide complex was electroblotted to a nylon membrane

FIGURE 2. Enhanced survival of stressed mice from
sepsis with E. coli infection and LPS treatment. A–C,
Stressed mice (n � 8–10) and controls (n � 8–10) were
infected with E. coli at 5.0 � 107 CFU (A), 7.5 � 107

CFU (B), and 1.0 � 108 CFU (C) per mouse via i.p.
injection. Data shown are survival rates of stressed and
control mice postinfection with E. coli. The difference
between the two groups is statistically significant as de-
termined by Mann-Whitney U test (p � 0.001). Results
are representative of three independent experiments.
D–F, Stressed mice (n � 9–12) and controls (n �
9–11) were i.p injected with LPS at the doses of 7.5 mg
(D), 15 mg (E), and 40 mg (F) per kilogram of body
weight (BW). Data shown are survival rates of stressed
mice and controls post-LPS treatment. The difference
between the two groups is statistically significant for the
doses of 7.5 and 15.0 mg per kilogram of body weight
(D and E) (p � 0.05), but not for the dose of 40.0 mg
per kilogram of body weight (F) as determined by
Mann-Whitney U test. Results are representative of two
independent experiments.
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(Millipore). After incubation in blocking buffer for 15 min at room tem-
perature, the membrane was incubated with streptavidin-HRP conjugate for
15 min at room temperature. Color was developed using LightShift chemi-
luminescence detection reagents (Thermo Fisher).

Statistical analysis

The significance of the differences between stressed mice and controls in
organ weight, cell numbers, cytokine concentrations and mouse survival
data was determined by Mann-Whitney U test and ANOVA accordingly.

Results
Restraint-stressed mice are partially resistant to sepsis

Sepsis remains a major health concern worldwide. To explore the
effects of chronic stress on septic shock, we stressed mice using the
physical restraint stress model as described in Materials and Meth-
ods before the mice were infected with pathogenic bacteria. As
shown in Fig. 1, after two rounds of stress mice had reduced mass
of thymus and spleen (Fig. 1, A and B), reduced numbers of thy-
mocytes and splenocytes (Fig. 1, C and D), and elevated concen-
trations of corticosteroid in the blood (Fig. 1E), which demon-
strates that the mice were severely stressed after two rounds of
physical restraint (6). Interestingly, the stressed mice showed en-
hanced resistance to sepsis postinfection with a lethal dose of
pathogenic E. coli as compared with the controls (Fig. 2, A–C).
However the stressed mice also succumbed to death if the dose
continued to increase, which indicates that the stressed mice are
partially resistant to E. coli-induced sepsis. Because LPS is the
major endotoxin of Gram-negative bacteria and also a prime me-
diator of sepsis, we further tested the resistance of stressed mice to
LPS-mediated sepsis. We injected mice with the different doses of
LPS via the i.p. route and examined the survival of stressed mice
vs controls post-LPS treatment. As expected, the stressed mice
survived better than the controls post-LPS treatment (Fig. 2, D and
E) ( p � 0.05) but died of high-dose LPS treatment (Fig. 2F),

which indicates that the stressed mice are partially resistant to G�

bacterial septic shock. However, when infected with a sublethal
dose of the bacteria, the stressed mice did not show any enhanced
capacity of inhibiting the bacterial growth or clearing the pathogen
(Fig. 3, A and B) as compared with the controls ( p � 0.05). These
results suggest that restraint stress primarily affects the acute and
intense inflammation of a host in response to bacterial infection
rather than the regular process of immune response.

To determine whether the resistance of stressed mice to LPS-
mediated sepsis could be generalized to G� bacterial sepsis, we
examined the survival of stressed mice infected with S. aureus via
i.p. injection. As shown in Fig. 4, when infected with the lethal
dose of pathogenic S. aureus, the stressed mice did not show any
advantage over the controls in terms of survival rate. These results
suggest that the enhanced resistance of stressed mice to sepsis
might be specific to LPS-producing G� but not G� pathogenic
bacteria.

The production of proinflammatory cytokines IL-1, IL-6, IL-12,
and TNF-� was inhibited in stressed mice after E. coli infection
or LPS treatment

Because sepsis is associated with the alteration of cytokine expres-
sion and cytokine response is modulated by glucocorticoids (7), it
would be intriguing to examine the levels of cytokines in the blood
of stressed mice in response to E. coli infection and post-LPS
treatment. Although the concentrations of the proinflammatory cy-
tokines IL-1, IL-6, IL-12, and TNF-� in both stressed mice and the
control groups were barely detectable before infection, they were
dramatically elevated in the blood of controls following E. coli
infection. However, they were significantly reduced in stressed
mice as compared with that of controls post-E. coli infections
(Fig. 5, A–D) ( p � 0.05). Similar results were also observed from

FIGURE 3. E. coli counts in the liver and spleen of mice postinfection.
Mice pretreated with restraint stress (n � 15) and controls (n � 15) were
infected with 2.5 � 107 E. coli via i.p. injection. Five mice from each group
were sacrificed 24, 48, and 72 h postinfection for the determination of
bacterial loads in the liver (A) and spleen (B). There were no statistically
significant differences between the two groups at each time point as deter-
mined by ANOVA (p � 0.05). Data are representative of three independent
experiments and presented as mean � SEM.

FIGURE 4. Restraint stress did not alter the susceptibility of the mice to
S. aureus infection. Stressed mice (n � 10) and controls (n � 8–10) were
infected with lethal doses of S. aureus at 4 � 107 CFU (A) or 2 � 108 CFU
(B) per mouse via i.p. injection. Data shown are survival rates of stressed
mice and controls postinfection with S. aureus. Mice that survived 120 h
postinfection were recovered fully. There were no statistically significant
differences between the two groups as determined by Mann-Whitney U test
(p � 0.05). Results are representative of three independent experiments
with the similar results.
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the LPS treatment (Fig. 5, E–H). Because macrophages were the
major sources of proinflammatory cytokines (22, 23), we exam-
ined expressions of proinflammatory cytokines by peritoneal mac-
rophages of stressed mice. When cultured in vitro, less IL-1�,
IL-6, IL-12, and TNF-� were produced by the peritoneal macro-
phages of E. coli-infected stressed mice than those by controls
( p � 0.05) (Fig. 6), which suggests that the decreased level of
proinflammatory cytokines in stressed mice with E. coli or LPS
sepsis might result from the inhibitory effects of stress on cytokine
production by macrophages. These data demonstrate that the in-
flammation was dramatically suppressed in stressed mice in re-
sponse to E. coli infection or LPS treatment, which may, at least in
part, account for the reduced mortality in stressed mice.

To rule out the possibility that the decreased level of cytokines
in stressed mice in response to E. coli-infection might be due to the
decreased number of macrophages as a consequence of stress, we
examined and compared the numbers of inflammatory monocytes/
macrophages, CD11b�/F4/80� double positive cells, in the pe-
ripheral blood, spleens, and peritoneal cavity of stressed mice vs
controls using flow cytometry. As shown in Fig. 7, there were no
differences in the numbers of CD11b�/F4/80� double positive
cells in blood, spleens and peritoneal cavity between stressed mice

and controls post-E. coli infection ( p � 0.05), which clearly in-
dicates that the reduced production of cytokines in stressed mice
with E. coli or LPS sepsis might be attributed to the inhibitory
effects of stress on cytokine expressions rather than the curtailed
numbers of inflammatory macrophages.

mRNA expression of GILZ and activation of NF-�B
increased in stressed mice

A recent study demonstrated a novel link between the innate im-
mune system and the adrenal stress response mediated by TLRs
(24) that prompted us to explore the mechanisms underlying the
reduced production of proinflammatory cytokines by the macro-
phages of stressed mice post-E. coli infection or post-LPS treat-
ment. Because glucocorticoids stimulate the production of GILZ in
macrophages and GILZ inhibits the expression of TLRs (20) and
NF-�B (NF-�B) (25), we hypothesized that restraint stress may
exert immune-suppressive effects via up-regulation of GILZ ex-
pression. As expected, the mRNA expression of GILZ was dra-
matically increased in a time-dependent manner in the peritoneal
macrophages and splenocytes of mice post-restraint stress (Fig. 8,
A and B), which indicates that GILZ is one of the molecules in-
volved in chronic stress-associated immunosuppression.

FIGURE 5. Reduced levels of proinflammatory cy-
tokines IL-1�, IL-6, IL-12, and TNF in the serum of
stressed mice post-E. coli infection and post-LPS treat-
ment. Stressed mice and controls were infected with
2.5 � 107 CFU of E. coli (A–D), and 15.0 mg of LPS
per kilogram of body weight (BW) (E–H). Mice were
sacrificed at different time points post-E. coli infection
(A–D) or LPS treatment (E–H) for the measurement of
cytokine concentrations in the serum as determined by
ELISA kits. The differences between the two groups are
statistically significant as determined by ANOVA (p �
0.05). Results are representative of three independent
experiments and presented as mean � SEM.
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Because glucocorticoids inhibit the expression of TLRs (20) and
NF-�B (25), it would be tempting to determine the impact of re-
straint stress on the expression of TLR4, a pattern recognition re-
ceptor for LPS and a key mediator in the cross-talks between the
innate immune system and stress response (26), and its impact on
the activation of NF-�B, a master regulator of all TLR-induced
responses (27). Interestingly, we found that NF-�B was dramati-
cally activated in the peritoneal macrophages of mice 	3 h post-
restraint stress as demonstrated by EMSA (Fig. 8C). In addition,
the mRNA expression of TLR4 increased �2-fold in the splenic
and peritoneal macrophages of mice post-restraint stress as exam-
ined by semiquantitative RT-PCR (our unpublished observation).
These results suggest that the stress-associated GILZ expression (a
target of GC signal) in macrophages may connect to the TLR and
NF-�B pathways.

mRNA expression of GILZ increased in the spleen and
peritoneal macrophages of mice post-DEX treatment

To explore whether the up-regulation of GILZ expression in the
peritoneal macrophages and splenocytes of stressed mice was due
to the elevated level of GCs, mice were injected with DEX, a
glucocorticoid commonly used in anti-inflammatory therapy (28),
via the i.p. route before the peritoneal macrophages and spleno-
cytes of mice were collected for the measurement of the mRNA
expression of GILZ by semiquantitative RT-PCR. As shown in
Fig. 9, the mRNA level of GILZ dramatically increased in a dose-
dependent manner in the spleen and peritoneal macrophages of
mice treated with DEX. These results indicate that DEX directly
triggers the expression of GILZ in vivo and that restraint stress
renders the mice resistant to sepsis via the GILZ-mediated immu-
nosuppressive effects of GCs.

Discussion
Physical restraint stress is widely used as a stress model to inves-
tigate the stress-associated alteration of physiological, immunolog-
ical, and neurobiological status in mammals (2). Although it is

known that chronic stress significantly affects immune responses
and alters susceptibility to various diseases (3), the effects of re-
straint stress on host defense are still not clear. It has been reported
that restraint stress exerted immune suppressive effects during in-
fluenza A/PR8 infection in mice via diminishing NK cell activity
(29–31) and resulted in decreased inflammation within the CNS
during Theiler’s virus infection (32). Similar effects of stress on
host defense were also observed in chronically stressed mice in-
fected with Listeria monocytogenes (33, 34) or E. coli (35). In our
experiment, we found that pretreatment of mice with physical re-
straint stress dramatically enhanced the resistance of mice to sepsis
as demonstrated by an improved survival rate of stressed mice
post-E. coli infection or post-LPS treatment as compared with that
of the controls (Fig. 2). Furthermore, intense inflammatory re-
sponses in stressed mice to E. coli infection or LPS treatment were
markedly reduced (Fig. 5). These observations provide strong ev-
idence that restraint stress compromises acute inflammatory re-
sponses of host against infectious agents.

Although we found that restraint stress enhances the resistance
of mice to sepsis due to E. coli infection or LPS treatment, there
was no significant difference between stressed mice and controls in
their resistance to S. aureus infection (Fig. 4). This is in agreement
with a previous report showing that glucocorticoid treatment was
effective at protection against E. coli but not so good in the case of
S. aureus infection (36). These observations suggest that the en-
hanced resistance induced by stress or the use of glucocorticoids
(corticotherapy) to sepsis may be specific to some species of
pathogens. Because LPS is an essential component of the outer

FIGURE 6. Reduced production of proinflammatory cytokines by the
macrophages of stressed mice following E. coli infection. Mice were treated as
in Fig. 5, A–D. Peritoneal macrophages were collected from stressed mice
(n � 5) and controls (n � 5) 24 h following E. coli infection, and cultured for
48 h with or without 200 pg/ml LPS and 10 U/ml IFN-�. IL-1� (A), IL-6 (B),
IL-12 (C), and TNF-� (D) concentrations in the supernatants were determined
by ELISA. The differences between the stressed and control groups are sta-
tistically significant (p � 0.001 as determined by ANOVA). Data are repre-
sentative of three independent experiments.

FIGURE 7. Comparison of monocytes/macrophages in the peripheral
blood, peritoneal cavity, and spleen in stressed mice vs controls post-E. coli
infection. Mice were treated as in Fig. 5, A–D. Peritoneal macrophages,
splenocytes, and PMBCs were collected from normal (n � 9) and stressed
mice (n � 9) at different time points post E. coli infection. Numbers of
monocytes/macrophages were determined by flow cytometry with anti-
CD11b and anti-F4/80 Abs and analyzed by CellQuest program. Data
shown are mean and SD of monocytes/macrophages in the peripheral blood
(A), spleens (B), and peritoneal cavity (C). There were no differences be-
tween E. coli-infected stressed mice and controls (p � 0.05 as determined
by ANOVA).
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membrane of G� bacteria while 90% of the cell wall of G� bac-
teria is composed of peptidoglycan (37, 38), the different compo-
nents of G� and G� bacteria may directly contribute to the dif-
ferences in host responses to E. coli and S. aureus infections. More
efforts will be required to generalize this observation using other
species of bacteria.

Sepsis remains a major health concern across the world. How-
ever, no detailed information has yet been available as to the exact
effects of restraint stress on host resistance to sepsis. Stress re-
sponse is associated with a rise in glucocorticoid concentration in
blood, while glucocorticoids are involved in modulating the im-
mune response by inhibiting the production of the proinflamma-
tory cytokines IL-1, IL-6, IL-12, and TNF by macrophages and
monocytes (7). Thus, it is logical to hypothesize that chronic stress
may suppress the inflammatory response by inhibiting macrophage
functions. As such, the stressed mice might be resistant to sepsis.
Consistent with this hypothesis, we found that the mice with an
elevated level of corticosteroid in the blood due to physical re-
straint stress (Fig. 1E) had reduced inflammatory responses to bac-
terial infection or LPS treatment as demonstrated by decreased
levels of IL-1, IL-6, IL-12, and TNF in the blood of stressed mice
as compared with that of controls (Fig. 5). Proinflammatory cyto-
kines such as IL-1 and TNF are produced by macrophages during
infections and sepsis and contribute to mortality if produced in
excessive quantities for extended periods of time (39, 40). Inhibi-

tion of cytokine response by restraint stress (Fig. 5) or by heat
stress (41) may directly contribute to the enhanced resistance of
the host to sepsis.

Of note, our experiment was focused on the effects of chronic
stress on antisepsis resistance. The results we show here were ob-
tained from the mice receiving two cycles of restraint stress before
infection with E. coli or LPS treatment. However, if mice contin-
uously received chronic combined acoustic and restraint stress for
up to nine cycles, they failed to combat bacterial infection (35).
Although these results demonstrated the immune-compromised
situation of mice receiving chronic stress, the mechanisms may not
be the same. Our experiments were more focused on the effect of
restraint stress on sepsis, the acute and intense inflammation of a
host to pathogens, that is characterized by excessive proinflamma-
tory cytokine production by monocyte/macrophages, supporting
the relationship of adrenal response to innate immune response
(24). In addition, our results clearly demonstrate the enhanced re-
sistance to sepsis of stressed mice, which may directly benefit from
the immune-suppressive effects of stress via the anti-inflammatory
action of glucocorticoids.

Because stress is associated with an elevated level of glucocor-
ticoids in blood, and the immunosuppressive effect of glucocorti-
coids is mediated by GILZ, we hypothesized that restraint stress
may exert immune-suppressive effects via up-regulation of GILZ
expression. As expected, the mRNA expression of GILZ dramat-
ically increased in a dose-dependent manner in the spleen and
peritoneal macrophages of mice post-restraint stress (Fig. 8) or
postinjection with DEX (Fig. 9), which provides strong evidence
that physical restraint stress reduces inflammatory response via
GILZ-mediated immunosuppressive effects of GCs. These results
support the anti-inflammatory and immunosuppressive effects of
glucocorticoids via GILZ-mediated down-regulation of proinflam-
matory cytokine expression in macrophages (20). In addition to

FIGURE 8. The mRNA expressions of GILZ and activation of NF-�B
were increased in stressed mice. A and B, Peritoneal macrophages (M
)
and splenocytes were collected at different time points following restraint
stress and subjected to semiquantitative RT-PCR using specific primers as
described in Materials and Methods for determining the mRNA expres-
sions of GILZ in peritoneal macrophages (A) and splenocytes (B) of
stressed mice. �-actin indicates endogenous control (Ctrl). C, Crude nu-
clear proteins were extracted from the peritoneal macrophages of stressed
mice sacrificed at different time points and subjected to EMSA for deter-
mining NF-�B activation by restraint stress. The detection of the NF-�B-
oligonucleotide complex was performed using a LightShift chemilumines-
cent EMSA kit.

FIGURE 9. In vivo induction of GILZ by DEX. Mice were sacrificed
3 h after i.p. injection with DEX at different doses of 0.02, 0.2, and 2 mg
per kilogram of body weight (BW). Semiquantitative RT-PCR was per-
formed as described in Fig. 8 for the analysis of the mRNA expression of
GILZ in peritoneal macrophages (M
) (A) and splenocytes (B) of mice
post-DEX treatment. The density of bands in A and B was quantitated by
densitometry. The relative level of GILZ mRNA expression in peritoneal
macrophages and splenocytes (C) is calculated as follows: GILZ band den-
sity of stressed sample/GILZ band density of the control. �-actin indicates
endogenous control.
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GILZ, the transcription factor NF-�B is also activated by restraint
stress (Fig. 8C), which may account for the increased mRNA ex-
pression of TLR4 in macrophages of stressed mice (our unpub-
lished data). As such, stress-associated GILZ expression may con-
nect to TLR and NF-�B pathways. Furthermore, other
transcription factors such as AP-1 and NF-AT may also be in-
volved in the anti-inflammatory process of chronic stress (9). Be-
cause pathogen-associated molecular patterns of bacterial compo-
nents activate macrophages by binding to TLRs, thus triggering the
NF-�B pathway and stimulating the production of inflammatory
proteins including cytokines (42–44), more efforts will be required
to elucidate the involvement of NF-�B, AP-1, or other transcrip-
tion factors in the immune suppressive effects of restraint stress on
sepsis.

In conclusion, our results demonstrate that physical restraint
stress enhances the resistance of stressed mice to sepsis by inhib-
iting the production of proinflammatory cytokines and by the up-
regulation of GILZ expression in macrophages, which provides
strong evidence to support the role of corticotherapy in treatment
of sepsis.

Acknowledgments
We thank Drs. Qun He, Weiyong He, Dehai Yu, and Hong Cao for tech-
nical assistance and valuable discussions.

Disclosures
The authors have no financial conflict of interest.

References
1. Pare, W. P., and G. B. Glavin. 1986. Restraint stress in biomedical research: a

review. Neurosci. Biobehav. Rev. 10: 339–370.
2. Glavin, G. B., W. P. Pare, T. Sandbak, H. K. Bakke, and R. Murison. 1994.

Restraint stress in biomedical research: an update. Neurosci. Biobehav. Rev. 18:
223–249.

3. Shi, Y., S. Devadas, K. M. Greeneltch, D. Yin, M. R. Allan, and J. N. Zhou. 2003.
Stressed to death: implication of lymphocyte apoptosis for psychoneuroimmu-
nology. Brain Behav. Immun. 17 (Suppl. 1): S18–S26.

4. Dhabhar, F. S., and B. S. McEwen. 1999. Enhancing versus suppressive effects
of stress hormones on skin immune function. Proc. Natl. Acad. Sci. USA 96:
1059–1064.

5. Yin, D., R. A. Mufson, R. Wang, and Y. Shi. 1999. Fas-mediated cell death
promoted by opioids. Nature 397: 218.

6. Yin, D., D. Tuthill, R. A. Mufson, and Y. Shi. 2000. Chronic restraint stress
promotes lymphocyte apoptosis by modulating CD95 expression. J. Exp. Med.
191: 1423–1428.

7. Prigent, H., V. Maxime, and D. Annane. 2004. Clinical review: corticotherapy in
sepsis. Crit. Care 8: 122–129.

8. Busbridge, N. J., and A. B. Grossman. 1991. Stress and the single cytokine:
interleukin modulation of the pituitary-adrenal axis. Mol. Cell. Endocrinol. 82:
C209–C214.

9. Almawi, W. Y., and O. K. Melemedjian. 2002. Molecular mechanisms of glu-
cocorticoid antiproliferative effects: antagonism of transcription factor activity by
glucocorticoid receptor. J. Leukocyte Biol. 71: 9–15.

10. Almawi, W. Y., H. N. Beyhum, A. A. Rahme, and M. J. Rieder. 1996. Regulation
of cytokine and cytokine receptor expression by glucocorticoids. J. Leukocyte
Biol. 60: 563–572.

11. Cui, W., D. C. Morrison, and R. Silverstein. 2000. Differential tumor necrosis
factor � expression and release from peritoneal mouse macrophages in vitro in
response to proliferating gram-positive versus gram-negative bacteria. Infect. Im-
mun. 68: 4422–4429.

12. De Kimpe, S. J., M. Kengatharan, C. Thiemermann, and J. R. Vane. 1995. The
cell wall components peptidoglycan and lipoteichoic acid from Staphylococcus
aureus act in synergy to cause shock and multiple organ failure. Proc. Natl. Acad.
Sci. USA 92: 10359–10363.

13. Kengatharan, K. M., K. S. De, C. Robson, S. J. Foster, and C. Thiemermann.
1998. Mechanism of gram-positive shock: identification of peptidoglycan and
lipoteichoic acid moieties essential in the induction of nitric oxide synthase,
shock, and multiple organ failure. J. Exp. Med. 188: 305–315.

14. Sparwasser, T., T. Miethke, G. Lipford, K. Borschert, H. Hacker, K. Heeg, and
H. Wagner. 1997. Bacterial DNA causes septic shock. Nature 386: 336–337.

15. Slotman, G. J., C. J. Fisher, Jr., R. C. Bone, T. P. Clemmer, and C. A. Metz. 1993.
Detrimental effects of high-dose methylprednisolone sodium succinate on serum
concentrations of hepatic and renal function indicators in severe sepsis and septic
shock: the Methylprednisolone Severe Sepsis Study Group. Crit. Care Med. 21:
191–195.

16. Bone, R. C., C. J. Fisher, Jr., T. P. Clemmer, G. J. Slotman, C. A. Metz, and
R. A. Balk. 1987. A controlled clinical trial of high-dose methylprednisolone in
the treatment of severe sepsis and septic shock. N. Engl. J. Med. 317: 653–658.

17. Briegel, J., W. Kellermann, H. Forst, M. Haller, M. Bittl, G. E. Hoffmann,
M. Buchler, W. Uhl, and K. Peter. 1994. Low-dose hydrocortisone infusion at-
tenuates the systemic inflammatory response syndrome: the Phospholipase A2
Study Group. Clin. Invest. 72: 782–787.

18. Williamson, D. R., and M. Lapointe. 2003. The hypothalamic-pituitary-adrenal
axis and low-dose glucocorticoids in the treatment of septic shock. Pharmaco-
therapy 23: 514–525.

19. Rodriguez-Martinez, S., M. E. Cancino-Diaz, L. Jimenez-Zamudio,
E. Garcia-Latorre, and J. C. Cancino-Diaz. 2005. TLRs and NODs mRNA ex-
pression pattern in healthy mouse eye. Br. J. Ophthalmol. 89: 904–910.

20. Berrebi, D., S. Bruscoli, N. Cohen, A. Foussat, G. Migliorati, L. Bouchet-Delbos,
M. C. Maillot, A. Portier, J. Couderc, P. Galanaud, et al. 2003. Synthesis of
glucocorticoid-induced leucine zipper (GILZ) by macrophages: an anti-
inflammatory and immunosuppressive mechanism shared by glucocorticoids and
IL-10. Blood 101: 729–738.

21. Carmody, R. J., Q. Ruan, S. Palmer, B. Hilliard, and Y. H. Chen. 2007. Negative
regulation of toll-like receptor signaling by NF-�B p50 ubiquitination blockade.
Science 317: 675–678.

22. Zheng, S. J., J. Jiang, H. Shen, and Y. H. Chen. 2004. Reduced apoptosis and
ameliorated listeriosis in TRAIL-null mice. J. Immunol. 173: 5652–5658.

23. Jean-Baptiste, E. 2007. Cellular mechanisms in sepsis. J. Intensive Care Med. 22:
63–72.

24. Bornstein, S. R., C. G. Ziegler, A. W. Krug, W. Kanczkowski, V. Rettori, S.
M. McCann, M. Wirth, and K. Zacharowski. 2006. The role of Toll-like receptors
in the immune-adrenal crosstalk. Ann. NY Acad. Sci. 1088: 307–318.

25. Ayroldi, E., G. Migliorati, S. Bruscoli, C. Marchetti, O. Zollo, L. Cannarile, F.
D’Adamio, and C. Riccardi. 2001. Modulation of T-cell activation by the glu-
cocorticoid-induced leucine zipper factor via inhibition of nuclear factor �B.
Blood 98: 743–753.

26. Zacharowski, K., P. A. Zacharowski, A. Koch, A. Baban, N. Tran, R. Berkels,
C. Papewalis, K. Schulze-Osthoff, P. Knuefermann, U. Zahringer, et al. 2006.
Toll-like receptor 4 plays a crucial role in the immune-adrenal response to sys-
temic inflammatory response syndrome. Proc. Natl. Acad. Sci. USA 103:
6392–6397.

27. Carmody, R. J., and Y. H. Chen. 2007. Nuclear factor-�B: activation and regu-
lation during toll-like receptor signaling. Cell. Mol. Immunol. 4: 31–41.

28. Watterberg, K. 2006. Anti-inflammatory therapy in the neonatal intensive care
unit: present and future. Semin. Fetal Neonatal Med. 11: 378–384.

29. Tseng, R. J., D. A. Padgett, F. S. Dhabhar, H. Engler, and J. F. Sheridan. 2005.
Stress-induced modulation of NK activity during influenza viral infection: role of
glucocorticoids and opioids. Brain Behav. Immun. 19: 153–164.

30. Hunzeker, J., D. A. Padgett, P. A. Sheridan, F. S. Dhabhar, and J. F. Sheridan.
2004. Modulation of natural killer cell activity by restraint stress during an in-
fluenza A/PR8 infection in mice. Brain Behav. Immun. 18: 526–535.

31. Sheridan, J. F., C. Dobbs, J. Jung, X. Chu, A. Konstantinos, D. Padgett, and
R. Glaser. 1998. Stress-induced neuroendocrine modulation of viral pathogenesis
and immunity. Ann. NY Acad. Sci. 840: 803–808.

32. Mi, W., M. Belyavskyi, R. R. Johnson, A. N. Sieve, R. Storts, M. W. Meagher,
and C. J. Welsh. 2004. Alterations in chemokine expression following Theiler’s
virus infection and restraint stress. J. Neuroimmunol. 151: 103–115.

33. Zhang, D., K. Kishihara, B. Wang, K. Mizobe, C. Kubo, and K. Nomoto. 1998.
Restraint stress-induced immunosuppression by inhibiting leukocyte migration
and Th1 cytokine expression during the intraperitoneal infection of Listeria
monocytogenes. J. Neuroimmunol. 92: 139–151.

34. Cao, L., C. A. Hudson, and D. A. Lawrence. 2003. Immune changes during acute
cold/restraint stress-induced inhibition of host resistance to Listeria. Toxicol. Sci.
74: 325–334.

35. Kiank, C., B. Holtfreter, A. Starke, A. Mundt, C. Wilke, and C. Schutt. 2006.
Stress susceptibility predicts the severity of immune depression and the failure to
combat bacterial infections in chronically stressed mice. Brain Behav. Immun. 20:
359–368.

36. Silverstein, R., and D. C. Johnson. 2003. Endogenous versus exogenous glu-
cocorticoid responses to experimental bacterial sepsis. J. Leukocyte Biol. 73:
417–427.

37. Buckley, J. M., J. H. Wang, and H. P. Redmond. 2006. Cellular reprogramming
by Gram-positive bacterial components: a review. J. Leukocyte Biol. 80:
731–741.

38. Poxton, I. R., J. McCoubrey, and G. Blair. 2001. The pathogenicity of Clostrid-
ium difficile. Clin. Microbiol. Infect. 7: 421–427.

39. Pruitt, J. H., E. M. Copeland III, and L. L. Moldawer. 1995. Interleukin-1 and
interleukin-1 antagonism in sepsis, systemic inflammatory response syndrome,
and septic shock. Shock 3: 235–251.

40. Cauwels, A., and P. Brouckaert. 2007. Survival of TNF toxicity: dependence on
caspases and NO. Arch. Biochem. Biophys. 462: 132–139.

41. Chu, E. K., S. P. Ribeiro, and A. S. Slutsky. 1997. Heat stress increases survival
rates in lipopolysaccharide-stimulated rats. Crit. Care Med. 25: 1727–1732.

42. Zhang, G., and S. Ghosh. 2001. Toll-like receptor-mediated NF-�B activation: a
phylogenetically conserved paradigm in innate immunity. J. Clin. Invest. 107:
13–19.

43. Barnes, P. J. 2006. Corticosteroid effects on cell signalling. Eur. Respir. J. 27:
413–426.

44. Bantel, H., M. L. Schmitz, A. Raible, M. Gregor, and K. Schulze-Osthoff. 2002.
Critical role of NF-�B and stress-activated protein kinases in steroid unrespon-
siveness. FASEB J. 16: 1832–1834.

3448 RESTRAINT STRESS AND ANTISEPSIS RESISTANCE IN MICE

 by guest on M
arch 7, 2022

http://w
w

w
.jim

m
unol.org/

D
ow

nloaded from
 

http://www.jimmunol.org/

