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Although the anti-inflammatory actions of glucocorticoids (GCs) are well established in the periphery, these stress hormones can increase
inflammation under some circumstances in the brain. The transcription factor nuclear factor-B (NF-B), which is inhibited by GCs,
regulates numerous genes central to inflammation. In this study, the effects of stress, GCs, and NMDA receptors on lipopolysaccharide
(LPS)-induced activation of NF-B in the brain were investigated. One day after chronic unpredictable stress (CUS), nonstressed and CUS
rats were treated with saline or LPS and killed 2 h later. CUS potentiated the increase in LPS-induced activation of NF-B in frontal cortex
and hippocampus but not in the hypothalamus. This stress effect was blocked by pretreatment of rats with RU-486, an antagonist of the
GC receptor. MK-801 [(⫹)-5-methyl-10,11-dihydro-5H-dibenzo [a,d] cyclohepten-5,10-imine maleate], an NMDA receptor antagonist,
also reduced the effect of LPS in all three brain regions. However, the combined antagonism of both GC and NMDA receptors produced no
further reduction in NF-B activation when compared with the effect of each treatment alone. Our results indicate that stress, via GC
secretion, can increase LPS-induced NF-B activation in the frontal cortex and hippocampus, agreeing with a growing literature demonstrating proinflammatory effects of GCs.
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Introduction
Glucocorticoids (GCs), secreted by the adrenals during stress,
have long been known to be anti-inflammatory and immunosuppressive; these actions are the rationale behind their frequent
clinical use. The anti-inflammatory actions of GCs involve nuclear factor-B (NF-B) (De Bosscher et al., 2000; Almawi and
Melemedjian, 2002). This transcription factor is constitutively
expressed in the cytoplasm and is inhibited by inhibitor B (IB),
which binds NF-B, masking its nuclear localization signal and
retaining it in the cytoplasm (Ghosh et al., 1998). NF-B activity
is attributed to Rel/NF-B family proteins forming homodimers
and heterodimers through the combination of the subunits p65
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(or RelA), p50, p52, c-Rel, or RelB. Lipopolysaccharide (LPS),
interleuken 1␤ (IL-1␤), tumor necrosis factor-␣ (TNF-␣), and
reactive oxygen species all induce NF-B by activating IB kinases. These phosphorylate IB␣, leading to its polyubiquitination and degradation (Ghosh and Karin, 2002), allowing NF-B
to migrate to the nucleus, where it activates the transcription of
various proinflammatory genes. GCs induce IB␣ expression,
preventing nuclear translocation of NF-B (Aljada et al., 1999;
Quan et al., 2000), and interact with the NF-B p65 subunit,
thereby blocking NF-B-binding activity (Unlap and Jope, 1997;
De Bosscher et al., 2000; McKay and Cidlowski, 2000).
The clinical use of GCs for their anti-inflammatory actions
extends to the nervous system; there, they are often used, for
example, to counter the edema associated with stroke or brain
tumor. As such, one would expect GCs, as well as stress, to inhibit
NF-B signaling in the injured nervous system, as elsewhere. The
purpose of this study was to examine the effects of chronic unpredictable stress on LPS-induced activation of NF-B in a number of
brain regions. This was done with the expectation that the predicted
inhibition of NF-B would be found. However, contrary to this
prediction, we observed stress to potentiate NF-B signaling.

Materials and Methods
Chemicals and kits. LPS (from Escherichia coli O111:B4) and RU-486 were
purchased from Sigma (St. Louis, MO), dizolcipine [(⫹)-5-methyl-
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10,11-dihydro-5H-dibenzo [a,d] cyclohepten-5,10-imine maleate (MK801)] maleate was obtained from Research Biochemicals International
(Natick, MA), ␥- 32P-ATP and poly dI-dC were obtained from Amersham Biosciences (Uppsala, Sweden), the gel shift assay system kit for
NF-B was obtained from Promega (Madison, WI), and the protein
assay kit was obtained from Bio-Rad (Hercules, CA).
Unpredictable stress paradigm. Adult male Wistar rats (300 –350 g; Biomedical Sciences Institute, University of São Paulo) were kept under a
12 h light/dark cycle (lights on at 7:00 A.M.) and fed ad libitum. Rats were
randomly assigned to either the control (nonstressed) or chronic unpredictable stress (CUS) group. CUS was modified from (Ortiz et al., 1996)
and applied as follows: day 1 (2:00 P.M.) restraint, 60 min; day 2 (9:00
A.M.) forced swim, 15 min; day 3 (3:00 P.M.) cold isolation, 90 min; day
4 (7:00 P.M.) lights on, overnight; day 5 (10:00 A.M.) forced swim, 5 min;
day 6 (7:00 P.M.) water and food deprivation, overnight; day 7 (2:00
P.M.) restraint, 120 min; day 8 (3:00 P.M.) lights off, 120 min; day 9 (9:00
A.M.) forced swim, 5 min; day 10 (7:00 P.M.) lights on, overnight; day 11
(2:00 P.M.) cold isolation, 90 min; day 12 (9:00 A.M.) restraint, 60 min;
day 13 (7:00 P.M.) water and food deprivation, overnight; and day 14
(9:00 A.M.) restraint, 60 min. In all stress experiments, the CUS rats were
exposed to the same order of stressful stimuli. This model was selected
because previous studies (Cullinan et al., 1995; Herman et al., 1995;
Cullinan and Wolfe, 2000) have shown that CUS results in hallmark signs
of chronic overexposure to GCs, such as increased adrenal weight, reduced thymus weight, reduced body weight gain, and increased plasma
corticosterone levels. Furthermore, the mixture of psychological and
physical stressor found in the CUS paradigm not only reduces the
chances of adaptation but also better mimics the variability of stressors
encountered in daily life (Joels et al., 2004). All animals were studied 1 d
after the last stressor. The control rats were manipulated every day for 10
min in the home cage to control for nonspecific handling effects.
Injections. Twenty four hours after the last stress session, control and
CUS groups were treated with either LPS dissolved in sterile saline (1
mg/kg, i.v. bolus) or sterile saline and killed by decapitation 2 h later,
when maximal NF-B binding activation is obtained in different brain
regions (Glezer et al., 2003). The brain was removed and immersed in
cold PBS. The frontal cortex, hypothalamus, and hippocampus were
rapidly dissected, quickly immersed in liquid nitrogen, and stored at
⫺80°C for later use.
For the assessment of the effects of MK-801 (1 mg/kg, dissolved in
saline) and RU-486 (50 mg/kg/200 l, dissolved in DMSO), rats were
treated with intraperitoneal injection of the drug or vehicle alone 30 min
before LPS treatment. Doses were based on a previous study (Sheridan et
al., 1998).
All animal treatments were performed between 9:00 and 11:00 A.M.
All experiments were in accord with the ethical principles in animal
research adopted by the Biomedical College of Animal Experimentation
and approved by the Ethical Committee for Animal Research of the
Biomedical Sciences Institute, University of São Paulo.
Electrophoretic mobility shift assay to NF-B consensus oligonucleotide.
Nuclear extracts of each brain structure were prepared as described previously (Rong and Baudry, 1996). Briefly, brain structures were homogenized in cold PBS (complemented with 0.1 mM EDTA, 0.5 mM DTT, 0.5
mM PMSF) using a Dounce homogenizer and centrifuged at 4°C for 30 s
at 12,000 ⫻ g. The supernatants (S1) were kept on ice, and the pellets
were resuspended in lysis buffer (10 mM HEPES, pH 7.9, 1.5 mM MgCl2,
10 mM KCl, 0.1 mM EDTA, 0.5 mM DTT, 0.5 mM PMSF) and incubated
on ice for 10 min. After addition of 0.25% NP-40, samples were vigorously mixed and centrifuged for 30 s at 12,000 ⫻ g. Supernatants (S1 and
S2) were mixed and used as citosolic fraction in the Western blot assays,
and nuclei were resuspended in extraction buffer (20 mM HEPES, pH 7.9,
25% glycerol, 1.5 mM MgCl2, 300 mM NaCl, 0.25 mM EDTA, 0.5 mM DTT,
0.5 mM PMSF), incubated for 20 min on ice, and centrifuged for 20 min
at 12,000 ⫻ g at 4°C. The resulting supernatants containing nuclear
proteins were stored at ⫺80°C. Protein concentration was determined
using the Bio-Rad protein reagent. Nuclear extracts of the rat heart were
also prepared, as described previously (Nishio et al., 1998), to be used as
positive controls.
Electrophoretic mobility shift assay (EMSA) to NF-B was performed
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by using the gel shift assay kit from Promega, as described previously
(Rong and Baudry, 1996). 32P-NF-B double-stranded consensus oligonucleotide probe (5⬘-AGTTGAGGGGACTTTCCCAGGC-3⬘) (20,000
cpm) and nuclear extracts (10 –15 g) were used. DNA-protein complexes were separated by electrophoresis through a 6% nondenaturing
acrylamide:bis-acrylamide (37.5:1) gel in 0.5 ⫻ Tris-borate/EDTA for 2 h
at 150 V. Gels were vacuum dried and analyzed by autoradiography. For
competition experiments, NF-B and transcription iniciation factor IID
(TFIID) (5⬘-GCAGAGCATATAAGGTGAGGTAGGA-3⬘) unlabeled
double-stranded consensus oligonucleotide was included in 10- and 20fold molar excess over the amount of 32P-NF-B probe to detect specific
and nonspecific DNA-protein interactions, respectively. Supershift assays, using antibodies against different NF-B subunits (p50 and p65,
1:20 dilution; p52, 1:10 dilution), were also conducted according to the
protocol of the manufacture (Santa Cruz Biotechnology, Santa Cruz,
CA). Autoradiographs were quantified by ChemImager detection system
(Alpha-Innotech, San Leandro, CA), and several exposure times were
analyzed to ensure the linearity of the band intensities.
Western blot of nuclear and cytosolic p65 NF-B subunit. Electrophoresis was performed using 10% polyacrylamide and the Bio-Rad miniProtean II apparatus. In brief, the proteins present in the cytosolic (20
g) and nuclear fractions (10 g) were size-separated in 10% SDS-PAGE
(90 V). The proteins were blotted onto a nitrocellulose membrane (BioRad) and incubated with the specific antibody (p65 sc-372; Santa Cruz
Biotechnology). To ensure equal protein loading, we used the Ponceau
method to Western blot (Salinovich and Montelaro, 1986). Proteins recognized by antibodies were revealed by ECL technique, following the
instructions of the manufacturer (Amersham Biosciences). To standardize and quantify the Western blots, we used the ChemImager detection
system (Alpha-Innotech). Several exposure times were analyzed to ensure the linearity of the band intensities. ␤-Actin antibody (sc-1616;
Santa Cruz Biotechnology) was used as an internal control of the
experiments.
IL-1␤, inducible nitric oxide synthase, and TNF-␣ mRNA expression.
The effect of stress on NF-B-modulated gene expression in the frontal
cortex and hippocampus of rats was measured. Total RNA was isolated
with Trizol reagent (Invitrogen, Carlsbad, CA) according to the instructions of the manufacturer. Semiquantitative reverse transcription-PCR
(RT-PCR) amplification was performed using the ThermoScript RT kit
(Invitrogen) according to the instructions of the manufacturer. The
primer sequences were as follows: IL-1␤ (519 bp), 5⬘-ATG CTC AGC
AGT CAA GTG CC-3⬘ (sense) and 5⬘-AGC CTT CCT TCG TGT AAC
CC-3⬘ (antisense); inducible nitric oxide synthase (iNOS) (651 bp), 5⬘ACA ACA GGA TAC CAG CTC A-3⬘ (sense) and 5⬘-GAT GTT GTA
GCG CTG TGT GTC A-3⬘ (antisense); TNF-␣ (480 bp), 5⬘-AGG CGC
TCC CCA AAA AGA TG-3⬘ (sense) and 5⬘-GAT GGC GGA GAG GAG
GCT GA-3⬘ (antisense). The PCR cycles consisted of 5 min at 94°C, 33
cycles of 94°C for 45 s, 63°C for 45 s, and 72°C for 1 min and 30 s (IL-1␤;
519 bp); 30 cycles of 94°C for 45 s, 66°C for 45 s, and 72°C for 1 min and
30 s (iNOS; 651 bp); 37 cycles of 94°C for 45 s, 59°C for 45 s, and 72°C for
1 min and 30 s (TNF-␣; 480 bp) and a final extension at 72°C for 10 min.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH; 357 bp) was also
amplified as an internal PCR control using the following primers: 5⬘GCC AAG TAT GAT GAC ATC AAG AAG-3⬘ (sense) and 5⬘-TCC AGG
GGT TTC TTA CTC CTT GGA-3⬘ (antisense). The temperature cycling
conditions were as follows: 5 min at 94°C, 20 cycles of 94°C for 45 s, 63°C
for 45 s, and 72°C for 1 min and 30 s and a final extension at 72°C for 10
min. Gel electrophoresis of the PCR product was performed using an
ethidium bromide-containing agarose gel (2%), and resulting bands
were visualized under UV light. The photographs were scanned (HP 1200
series; Hewlett-Packard, Palo Alto, CA), and the optical density of the
bands was quantified using NIH ImageJ software.
Statistical analysis. Results are expressed as mean ⫾ SEM of the indicated number of experiments. Statistical comparisons were performed in
each brain structure individually by two-way ANOVA (stress ⫻ injection) followed by Bonferroni’s test. Significance for all tests was set at p ⬍
0.05. All analyses were performed with Prim4 software package (Graphpad Software, San Diego, CA).
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Nuclear extracts analyzed from all
three brain regions produced a similar pattern of three DNA/protein complexes (Fig.
2). The upper complexes 1 and 2 were displaced by an excess of unlabeled NF-B,
but not by TFIID double-stranded oligonucleotide consensus sequence, demonstrating the specificity of NF-B/DNA
binding interaction. The lower complex
3 was less efficiently displaced by unlabeled NF-B, representing a nonspecific
binding.
Supershift analysis in control and CUS
rats indicated that the antibody against the
NF-B p65 subunit shifted DNA/protein
interactions present in complex 1. The antibody against the p50 subunit shifted
complex 2 and partially decreased complex 1. In contrast, the antibody against the
p52 subunit did not affect DNA-protein
complexes (Fig. 2). Together, these results
indicate that p65/p50 heterodimers and
p50/p50 homodimers are present in 32PFigure 1. Effect of CUS on NF-B activation induced by LPS or saline (SAL) in the frontal cortex (A), hypothalamus (B), or NF-B/protein complexes 1 and 2, respechippocampus (C). Top, Representative EMSA autoradiography. Major specifics (bands 1 and 2) and nonspecific (band 3) DNA tively. Complex 3 was not affected signifiinteractions are indicated by arrows. Bottom, Densitometric analysis of band 1 (representing p65/p50 heterodimers) presented in cantly by the presence of antibodies
the top panel [mean ⫾ SEM; n ⫽ 5 animals per group; Bonferroni’s test, ***p ⬍ 0.001 vs SAL; ap ⬍ 0.05 vs control (CON) plus against the different NF-kB subunits. BeLPS].
cause complex 1, mainly composed by
p65/p50 heterodimers, was the major
DNA/protein complex altered by the treatments, the term NF-B
Results
was used to discriminate this complex.
Effects of CUS on LPS-induced activation of NF-B
binding activity
Involvement of GCs in the effects of stress after LPS-induced
Confirming our previous results (Glezer et al., 2003), LPS actiNF-B binding activity
vated NF-B binding activity within 2 h in the frontal cortex,
Because GC levels were elevated 24 h after the last stress session
hypothalamus, and hippocampus [ANOVA, LPS (Fig. 1a),
(data not shown), we tested whether this sustained GC increase
F(1,16) ⫽ 329.99, p ⬍ 0.005; (Fig. 1b) F(1,16) ⫽ 99.36, p ⬍ 0.0001;
helped mediate the effects of stress on LPS-induced NF-B bind(Fig. 1c) F(1,16) ⫽ 222.16, p ⬍ 0.0001].
ing activity.
Fourteen days of CUS, in the absence of LPS, did not alter
Administration of RU-486 (50 mg/kg), a GC receptor antagNF-B binding activity. However, stress augmented the effects of
onist, 30 min pre-LPS blunted the potentiating effects of stress on
LPS on NF-B binding activity in the frontal cortex (Fig. 1a)
NF-B binding activity in the frontal cortex (Fig. 3a) (ANOVA
(ANOVA, stress, F(1,16) ⫽ 18.94, p ⫽ 0.0005; stress ⫻ LPS,
stress, F(1,12) ⫽ 15.38, p ⬍ 0.01; stress ⫻ treatment, F(1,12) ⫽
F(1,16) ⫽ 11.90, p ⬍ 0.005) and the hippocampus (Fig. 1c)
36.33, p ⬍ 0.001) and hippocampus (Fig. 3c) (stress, F(1,16) ⫽
(F(1,16) ⫽ 29.96, p ⬍ 0.0001; stress ⫻ LPS, F(1,16) ⫽ 3.63, p ⬎ 0.05)
25.70, p ⬍ 0.001; stress ⫻ treatment, F(1,12) ⫽ 24.91, p ⬍ 0.001).
but not the hypothalamus (Fig. 1b) (F(1,16) ⫽ 0.75; p ⬎ 0.05, NS).

Figure 2. Competition studies and supershift assays were performed on nuclear extract from the frontal cortex (A), hypothalamus (B), or hippocampus (C) of stressed rats (CUS) treated with saline
or LPS (1 mg/kg, i.v.; 2 h) ⫹/⫺ unlabeled specific (NF-B consensus sequence, 5-fold and 10-fold molar excess represented by ) or nonspecific oligonucleotide (TFIID consensus sequence, 10-fold
molar excess), as indicated. Supershift assays were performed with the same nuclear extract incubated ⫹/⫺ antibodies against subunits p50, p65, and p52 (1:10) as indicated. The position of
specific NF-B/DNA binding complexes p65/p50 and p50/p50 is indicated. NS, No specific binding (n ⫽ 3 animals per group). CON, Control.
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In contrast, RU-486 enhanced the effects
of LPS on NF-B in the hypothalamus of
CUS rats (Fig. 3b) and in all three regions
in control rats. In control and CUS rats
treated with saline rather than LPS, RU486 had no effect on NF-B binding activity and did not alter the pattern of 32P-NFB/protein complexes.
To provide additional evidence of
NF-B activation, the translocation to the
nucleus of the p65 NF-B subunit was addressed by Western blot analysis. LPS
caused translocation of this subunit to the
nucleus in frontal cortex and hippocampus (frontal cortex, F(2,18) ⫽ 12.65, p ⬍
0.001; hippocampus, F(2,18) ⫽ 15.38, p ⬍
0.001), an effect potentiated by stress
(frontal cortex, stress, F(1,18) ⫽ 0.03, p ⬎
0.05; stress ⫻ LPS, F(2,18) ⫽ 6.81, p ⬍ 0.05;
hippocampus, stress, F(1,18) ⫽ 0.37, p ⬎
0.05; stress ⫻ LPS, F(2,18) ⫽ 5.34, p ⬍ 0.05)
(Fig. 4). RU-486 decreased this stress effect
in frontal cortex and, to a lesser extent, in
the hippocampus.

Figure 3. Influence of RU-486 on NF-B activation induced by LPS in the frontal cortex (A), hypothalamus (B), or hippocampus
(C) of unstressed (CON) and stressed rats (CUS). Top, Representative EMSA autoradiography. The position of specific NF-B/DNA
binding complex p65/p50 (band 1) is indicated. Bottom, Densitometric analysis of the band 1 (representing p65/p50 heterodimers) of LPS-treated groups presented in the top panel (mean ⫾ SEM; n ⫽ 4 animals per group; Bonferroni’s test, **p ⬍
0.05 vs CON plus LPS; #p ⬍ 0.05 vs CUS plus LPS).

Involvement of the NMDA receptor in
the effects of stress after LPS-induced NF-B binding activity
Because glutamate, via NMDA receptor activation, is associated
with both the deleterious effects of stress and GCs (Armanini et
al., 1990) and with the effects of LPS on NF-B binding activity
(Guerrini et al., 1995; Kaltschmidt et al., 1995; Glezer et al., 2003),
we tested whether NMDA receptors helped mediate the effects of
stress after LPS-induced NF-B binding activity.
Administration of the NMDA receptor antagonist MK-801 (1
mg/kg) blunted LPS-induced NF-B binding activity ⬃20% in
all three regions in both stressed and unstressed rats [ANOVA,
frontal cortex (Fig. 5a), stress, F(1,20) ⫽ 67.61, p ⬍ 0.0001, stress ⫻
treatment, F(1,20) ⫽ 3.44, p ⫽ 0.078; hypothalamus (Fig. 5b),
stress, F(1,20) ⫽ 0.66, p ⬎ 0.05, stress ⫻ treatment, F(1,20) ⫽ 0.29,
p ⬎ 0.05; hippocampus (Fig. 5c), stress, F(1,20) ⫽ 5.798, p ⬍ 0.01,
stress ⫻ treatment, F(1,20) ⫽ 3.32, p ⬎ 0.05, treatment (Fig. 5a),
F(1,20) ⫽ 32.64, p ⬍ 0.001; (Fig. 5b) F(1,20) ⫽ 29.65, p ⬍ 0.001;
(Fig. 5c) F(1,20) ⫽ 109.7, p ⬍ 0.001]. These results replicate reports
of a role for NMDA receptors in LPS-induced NF-B binding
activity in the CNS (Glezer et al., 2003) and also suggest that
NMDA receptors have no role in the potentiating effects of stress
after LPS-induced binding activity.
MK-801 did not alter NF-B binding activity or the pattern of
32
P-NF-B/protein complexes in stressed or unstressed rats
treated with saline, rather than LPS.

Figure 4. Effect of chronic unpredictable stress (CUS) on p65 subunit NF-B translocation
induced by LPS or saline in the frontal cortex (A) and hippocampus (B). Top, Representative
Western blot autoradiographies. Bottom, Densitometric analysis of p65 nuclear and cytosolic
ratio of groups presented in the top panel (mean ⫾ SEM; n ⫽ 4 animals per group). Bonferroni’s test: *p ⬍ 0.05 versus saline; #p ⬍ 0.05 versus CON plus LPS. ␤-Actin was used as internal
control.

Effects of blockade of both GC and NMDA receptors in the
LPS-induced NF-B binding activity in CUS rats
To confirm whether GC and NMDA receptors augment NF-B
activity via the same pathway, we combined the two treatments.
RU-486 alone or in combination with MK-801 did not differ in
its effects after LPS-induced NF-B activity in the frontal cortex
and hippocampus of stressed rats. In all three regions of unstressed rats, the combined treatment blunted the LPS-induced
NF-B activity to nearly the same extent as did MK-801 alone
(Fig. 6).

Involvement of stress and GC on proinflammatory genes
modulated by NF-B
We next examined whether stress also potentiated the effects of
LPS after expression of proinflammatory genes known to be induced by NF-B (i.e., IL-1␤, iNOS, and TNF-␣). As expected, in
unstressed rats, LPS increased expression of these genes in the
frontal cortex (Fig. 7) (iNOS, F(2,18) ⫽ 23.67, p ⬍ 0.001; IL-1␤,
F(2,18) ⫽ 19.84, p ⬍ 0.05; TNF-␣, F(2,18) ⫽ 49.59, p ⬍ 0.0001) and
the hippocampus (iNOS, F(2,18) ⫽ 4.49, p ⬍ 0.05; IL-1␤, F(2,18) ⫽
16.31, p ⬍ 0.0001; TNF-␣, F(2,18) ⫽ 11.81, p ⬍ 0.001); further-
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stress had no effect on LPS-induced expression of IL-1␤ and TNF-␣. However, as
seen in the frontal cortex, the treatment
with RU-486 significantly blunted the
LPS-induced increase in the mRNA levels
of all three proinflammatory genes analyzed in the hippocampus of stressed rats
(Fig. 7).

Figure 5. Influence of MK-801 on NF-B activation induced by LPS in the frontal cortex (A), hypothalamus (B), or hippocampus
(C) of unstressed (CON) or stressed (CUS) rats. Top, Representative EMSA autoradiography. The position of specific NF-B/DNA
binding complex p65/p50 (band 1) is indicated. Bottom, Densitometric analysis of the band 1 (representing p65/p50 heterodimers) of LPS-treated groups presented in the top panel (mean ⫾ SEM; n ⫽ 6 animals per group). Bonferroni’s test: **p ⬍
0.05 versus CON plus LPS; #p ⬍ 0.05 versus CUS plus LPS.

Involvement of GCs in the effects of
stress after LPS-induced NF-B binding
activity in the heart
EMSA was also performed with nuclear
extracts from the hearts of unstressed and
stressed rats, treated with LPS alone or
combined with RU-486, to examine possible GC proinflammatory response outside
the nervous system. LPS strongly increased
NF-B binding activity in the hearts of unstressed and stressed rats (Fig. 8) (F(2,12) ⫽
208.68; p ⬍ 0.001). In contrast to rat frontal cortex and hippocampus, where stress
had proinflammatory effects, stress did
not affect the LPS-induced NF-B binding
activity in the heart (F(1,12) ⫽ 3.73; p ⬎
0.05). RU-486 increased the effects of LPS
on NF-B binding activation in both unstressed and stressed animals.

Discussion
Numerous neurological insults and neurodegenerative disorders induce inflammation. This is characterized by infiltration of blood-borne granulocytes and
monocytes/macrophages into brain parenchyma as well as activation of resident
microglial cells, astrocyte swelling, and the
expression of cytokines such as TNF-␣,
adhesion molecules, and other inflammatory mediators (Floyd, 1999; GonzalezScarano and Baltuch, 1999).
LPS can induce glutamate release in
cortical slices (Wang and White, 1999),
and proinflammatory compounds such as
prostaglandins or TNF-␣ trigger glutamate release from astrocytes (Bezzi et al.,
2001). The activation of proinflammatory
transcription factors such as NF-B is trigFigure 6. Influence of RU-486 and MK-801 on NF-B activation induced by LPS in the frontal cortex (A), hypothalamus (B), or gered by the calcium-dependent activahippocampus (C) of unstressed (CON) or stressed (CUS) rats. Top, Representative EMSA autoradiography. The position of specific
tion of intracellular second messenger sysNF-B/DNA binding complex p65/p50 (band 1) is indicated. Bottom, Densitometric analysis of the band 1 (representing p65/p50
heterodimers) of LPS-treated groups presented in the top panel (mean ⫾ SEM; n ⫽ 5 animals per group). Bonferroni’s test: tems, NMDA receptors, reactive oxygen
species generation, membrane peroxida**p ⬍ 0.05 versus CON plus LPS; #p ⬍ 0.05 versus CUS plus LPS.
tion, and deprivation of oxygen and nutrients (Baeuerle and Henkel, 1994; Baldwin,
1996). The activation of this transcription
more, RU-486 treatment potentiated the LPS effect (Fig. 7). In
factor modulates the expression of several proinflammatory cycontrast, stress potentiated the LPS effects; this stress effect was
tokines that actively participate in the innate immune response
blunted by RU-486 (iNOS: stress, F(1,18) ⫽ 0.35, p ⬎ 0.05; stress ⫻
(Ghosh et al., 1998; Heese et al., 1998).
LPS, F(2,18) ⫽ 9.26, p ⬍ 0.005; IL-1␤: stress, F(1,18) ⫽ 3.49, p ⬎
As reviewed, the effects of GCs after NF-B are central to the
0.05; stress ⫻ LPS, F(2,18) ⫽ 4,91, p ⬍ 0.05; TNF-␣: stress,
former’s anti-inflammatory effects. As an anti-inflammatory
F(1,18) ⫽ 2.17, p ⬎ 0.05; stress ⫻ LPS, F(2,18) ⫽ 19.79, p ⬍ 0.0001).
mechanism, GC can increase IB-␣ expression, which binds
Unexpectedly, in the hippocampus, stress only potentiated the
NF-B in the cytoplasm, preventing its translocation to the nueffect of LPS-induced gene expression in the case of iNOS (stress,
F(1,18) ⫽ 4.41, p ⫽ 0.0501; stress ⫻ LPS, F(2,18) ⫽ 5.48, p ⬍ 0.05);
cleus (Quan et al., 2000). In addition, GCs can directly inhibit
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NF-B binding to DNA via interactions
between activated GR and the p65-NF-B
subunit (Unlap and Jope, 1997; McKay
and Cidlowski, 2000)
Because GC levels are increased by
stress and LPS is a potent inducer of
NF-B binding activity, we first tested
whether chronic stress modulated the effects of LPS on NF-B activity. Contrary to
the picture of stress as anti-inflammatory,
CUS augmented the effect of LPS on
NF-B activation frontal cortex and hippocampus, as well as the effects of LPS on
expression of the proinflammatory genes
IL-␤, TNF-␣, and iNOS; this is in agreement with recent reports that stress or GCs
can increase levels of proinflammatory cytokine (TNF-␣, IL-1␣, and IL-1␤) in the
periphery and brain (Madrigal et al.,
2001a; O’Connor et al., 2003). Furthermore, stress not only potentiates LPSinduced expression of IL-1␤ and TNF-␣ in
the brain but worsens susceptibility to endotoxic shock as well (Quan et al., 2001).
We also observed that most of the transcriptional activity altered by LPS administration both in nonstressed and CUS is
mediated through the major complex
(p50/p65), the same complex reported to
respond to LPS or stress (Baeuerle and
Henkel, 1994; Madrigal et al., 2001a;
Glezer et al., 2003). In the absence of LPS,
CUS did not modulate NF-B binding activity in any region tested. Whereas an
acute stressor increases NF-B activity in
the frontal cortex of rats and in peripheral
blood mononuclear cells of humans
(Madrigal et al., 2001a; Bierhaus et al.,
2003), the effects of a chronic stressor, as in
the present study, have not been examined. The fact that the effects of an acute
stressor were not seen after chronic stress
suggests a compensatory plasticity that Figure 7. Influence of RU-486 on mRNA levels of proinflammatory genes (IL-1␤, iNOS, and TNF-␣) induced by LPS in the
frontal cortex and hippocampus of unstressed (CON) and stressed (CUS) rats. A, Representatives PCR photographies. B, Desitoemerges in the latter case.
metric analysis of the specific bands of LPS-treated groups presented in A. mRNA levels is presented as ratios of target gene to
Because CUS rats had high GC levels at GAPDH expression. Data are presented as mean ⫾ SEM; n ⫽ 4 animals per group. Bonferroni’s test: **p ⬍ 0.05 versus CON plus
the time of the LPS injection, we tested LPS; #p ⬍ 0.05 versus CUS plus LPS.
whether GCs mediate the ability of CUS to
potentiate LPS actions. Our results suggest
increase glutamate release in both regions and inhibit its uptake
that GCs do so via interaction with GR, because a GC receptor
by glial transporters (Chou et al., 1994). Glutamate-induced
antagonist (RU-486) blunted the potentiating effect of stress on
NMDA activation has been shown to induce NF-B activation in
LPS-induced activation of NF-kB in the frontal cortex and hipseveral brain structures (Guerrini et al., 1995; Kaltschmidt et al.,
pocampus. These results strongly suggest a proinflammatory role
1995; Glezer et al., 2003). Furthermore, acute immobilization
of GCs, in agreement with other recent studies. For example, GCs
stress causes an NMDA receptor-mediated increase in NF-B
worsen excitotoxin-induced infiltration of inflammatory cells
binding
activity in the cortex (Madrigal et al., 2001a). Thus, we
and expression of proinflammatory cytokines in the hippocamtested
whether
glutamate, via the NMDA receptor, could mediate
pus (Dinkel et al., 2003) or hippocampal culture (Macpherson et
the
potentiating
effects of stress on LPS-induced NF-B activaal., 2005).
tion.
This
effect
was shown in all three brain structures. The
Prolonged stress or exposure to stress levels of GCs can impair
magnitude of the effect of NMDA receptor blockade, however,
the ability of hippocampal and cortical neurons to survive variwas equivalent in stressed and unstressed rats, suggesting a role
ous insults (Stein-Behrens et al., 1992; Krugers et al., 2000; Madfor glutamate in the effects of LPS on NF-B activity but not in
rigal et al., 2003) and can augment insult-induced glutamate rethe ability of stress to worsen LPS actions. This general role of
lease and NMDA receptor activation (Armanini et al., 1990;
glutamate and the NMDA receptor in the LPS-induced NF-B
Moghaddam et al., 1994; Madrigal et al., 2001b). Stress itself can
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Figure 8. Influence of RU-486 on NF-B activation induced by LPS in the heart of unstressed
(CON) and stressed (CUS) rats. Left, Representative EMSA autoradiography. The position of
NF-B/DNA binding complex is indicated. Right, Densitometric analysis of NF-B/DNA binding
complex presented in the left panel (mean ⫾ SEM; n ⫽ 3 animals per group). Bonferroni’s test:
a
p ⬍ 0.05 versus CON plus LPS; cp ⬍ 0.05 versus CUS plus LPS; dp ⬍ 0.05 versus CUS plus LPS
plus RU-486.

binding activation was confirmed by the combination of RU-486
and MK-801 treatment, because no further decrease in NF-B
activation was observed, compared with RU-486 alone.
Whereas this study reveals novel proinflammatory actions of
stress and GCs, both still have some of their classical antiinflammatory function. As a first example, in the frontal cortex
and hippocampus of nonstressed LPS-treated rats, RU-486 increased NF-B binding activity, implying that in that setting, GC
was anti-inflammatory. In agreement with this, in a previous
report (Dinkel et al., 2003), GCs potentiated excitotoxin-induced
infiltration of inflammatory cells into the hippocampus, in the
absence of an excitotoxin, low physiological GC levels had antiinflammatory effects on such infiltration. Furthermore, the
proinflammatory action of GCs observed in the present study was
region specific, because even in the presence of LPS, GCs appeared to be anti-inflammatory in the hypothalamus and heart of
stressed rats (as indicated by the RU-486 data).
Our data demonstrate an additional realm in which GCs are
anti-inflammatory. Both LPS and inflammatory cytokines stimulate the hypothalamic–pituitary–adrenal axis, resulting in increased GC release (Takemura et al., 1997; Dunn et al., 1999;
Hadid et al., 1999). This is thought to be a means to rein in the
maximal extent of inflammation. As evidenced, when GC signaling is compromised (through hypophysectomy, surgical or
chemical adrenalectomy, or GR antagonism), there is increased
severity or lethality of infection (Coelho et al., 1992; Silverstein et
al., 1993). In the present report, basal levels of GCs appeared to
inhibit the inflammatory response under some circumstances.
Specifically, in unstressed animals, RU-486 potentiated the effects of LPS in the frontal cortex and hippocampus. Moreover,
treatment for 3 d with basal rather than stress levels of GCs decreased LPS effects in the frontal cortex and hippocampus (data
not shown). Furthermore, we observed that in the frontal cortex
and hippocampus of unstressed rats, when RU-486 was combined with MK-801, the reduction in LPS-induced NF-B activity was less effective than in rats that only received MK-801 before
LPS, implying that endogenous GCs are anti-inflammatory in
this setting. Thus, GCs remain anti-inflammatory hormones,
amid these unexpected domains of proinflammatory action.
The mechanisms by which GCs can be either antiinflammatory or proinflammatory in the brain are not understood. However, some hypotheses can be raised. First, there is a
trend toward the proinflammatory effects being more likely in
the face of highly elevated, chronic GC exposure and in brain
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regions most sensitive to the hormone (Abraham et al., 2000;
Makino et al., 2001). The role of chronicity is important, because
high-dose GCs are used therapeutically for inflammatory diseases
such as arthritis, asthma, and multiple sclerosis. A small literature
suggests that such GCs can have adverse effects on brain function,
including cognition (for review, see Sapolsky, 2004)
In addition, GC/NF-B interactions are probably central to
determining whether proinflammatory or anti-inflammatory effects occur. For example, whereas GCs can decrease the expression of IL-8 in lung cells, they also increase the mRNA expression
of Toll-like receptor-2 (TLR2), proteins that are essential to triggering the innate immune response in response to pathogens
(Hermoso et al., 2004). Furthermore, GCs regulate the TLR2
promoter through the involvement of a 3⬘-NF-B site, a STAT
(signal transducer and activator of transcription)-binding element, and a 3⬘-GC response element (Hermoso et al., 2004).
As another possibility, cell type (neuron versus glia) may be
relevant to whether GC is anti-inflammatory or proinflammatory. Both neurons and glia (including both astrocytes and microglia) contain GR; the contributions of each cell type to the
proinflammatory GC effects are unexplored.
Collectively, our results suggest proinflammatory functions of
stress and of GCs in the brain, at the same time as the classical
anti-inflammatory effects occur in a peripheral organ. This is of
interest, because chronic GC therapy is broadly prescribed and
the long-term effects of this for brain inflammation are poorly
addressed. Thus, the clinical implications of these findings may
be considerable and warrant additional exploration and
understanding.
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