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Stress-Induced Neuroinflammation: Role of the
Toll-like Receptor-4 Pathway

Iciar Garate, Borja Garcia-Bueno, Jose Luis Mufioz Madrigal, Javier Rubén Caso, Luis Alou,
Marisa L. Gomez-Lus, Juan Antonio Micd, and Juan Carlos Leza

Background: Stressful challenges are associated with variations in immune parameters, including increased innate immunity/inflamma-
tion. Among possible mechanisms through which brain monitors peripheral immune responses, toll-like receptors (TLRs) recently emerged
as the first line of defense against invading microorganisms. Their expression is modulated in response to pathogens and other environ-
mental stresses.

Methods: Taking into account this background, the present study aimed to elucidate whether the toll-like receptor-4 (TLR-4) signaling
pathway is activated after repeated restraint/acoustic stress exposure in mice prefrontal cortex (PFC), the potential regulatory mechanism
implicated (i.e., bacterial translocation), and its role in conditions of stress-induced neuroinflammation, using a genetic strategy: C3H/HelJ
mice with a defective response to lipopolysaccharide stimulation of TLR-4.

Results: Stress exposure upregulates TLR-4 pathway in mice PFC. Stress-induced inflammatory nuclear factor kB activation, upregulation of
the proinflammatory enzymes nitric oxide synthase and cyclooxygenase type 2, and cellular oxidative/nitrosative damage are reduced
when the TLR-4 pathway is defective. Conversely, TLR-4 deficient mice presented higher levels of the anti-inflammatory nuclear factor
peroxisome proliferator activated receptor-gamma after stress exposure than control mice. The series of experiments using antibiotic
intestinal decontamination also suggest a role for bacterial translocation on TLR-4 activation in PFC after stress exposure.

Conclusions: Taken together, all the data presented here suggest a bifunctional role of TLR-4 signaling pathway after stress exposure by
triggering neuroinflammation at PFC level and regulating gut barrier function/permeability. Furthermore, our data suggest a possible
protective role of antibiotic decontamination in stress-related pathologies presenting increased intestinal permeability (leaky gut) such as

depression, showing a potential therapeutic target that deserves further consideration.
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organism is challenged by internal or external stimuli, in-

cluding stress-related diseases, are associated with varia-
tions in the immune system. In separate meta-analysis (1,2), both
major depression and stress exposure were significantly associated
with alterations in immune parameters. In many cases, both de-
pression and chronic stress exposure have been associated with
decreased adaptative/acquired immunity and inflammation, with
important general consequences in health (2,3), but in the last
decade, it has been demonstrated that after stress exposure or
during certain episodes of depression, an innate inflammatory/
immune response is strongly activated (4,5). A question of special
relevance is how the brain detects the stimuli and orchestrates the
proper regulatory responses. Although it has long been considered
an immune-privileged organ, this immune status is far from abso-
lute, especially when the blood brain barrier may be affected, as is
the case after stress exposure (6,7).

C ertain psychological states and experiences in which the
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Several mechanisms have been proposed to explain how the brain
monitors peripheral immune signals (8): one pathway involves locally
produced cytokines activating primary afferent nerves; a second path-
way is a humoral pathway in which toll-like receptors (TLRs) expressed
on endothelium and macrophage-like cells residing in the circumven-
tricular organs and the choroid plexus respond to circulating patho-
gen-associated molecular patterns by producing proinflammatory
cytokines; a third pathway comprises proinflammatory cytokine trans-
porters at the blood brain barrier; and finally, a fourth pathway involves
cytokine receptors located on perivascular macrophages and endo-
thelial cells of brain venules.

Recently, several studies have focused on TLRs and their po-
tential roles in neuropathology (9,10). The discovery that not
only immune cells, but also neurons, astroglia, and resident
microglia, express a large majority of the 13 already identified
TLRs has challenged the way neuroscience explains neuroim-
mune interactions, re-evaluating the view of the brain as an
immune privileged organ.

Toll-like receptors are pattern recognition receptors pro-
posed as main agents of the innate immune response, constitut-
ing the first line of defense against invading microorganisms
(11). Their expression is modulated rapidly in response to patho-
gens, a variety of cytokines, and environmental stresses (12,13).
Specifically, toll-like receptor-4 (TLR-4) regulates the adrenal re-
sponse to stress and inflammatory stimuli (14), as well as the
brain response to stress (15,16). Toll-like receptor-4 responds
predominantly to lipopolysaccharide (LPS) from gram-negative
bacteria (17) through its co-receptor, myeloid differentiation
protein-2 (MD-2), a requisite for LPS signaling of TLR-4 (18). To
achieve specificity of signaling, TLR-4 recruits some other
adapter proteins, such as the myeloid differentiation factor 88
(MyD88), during intracellular signal transduction. After various
steps in the transduction pathway, the activation of prototypic
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Figure 1. Experimental design. ATB, antibiotics; HeJ, C3H/HeJ; HeN, C3H/
HeN; LPS, lipopolysaccharide.

inflammatory nuclear transcription factor nuclear factor-kappa B
(NF-kB) is produced (19). Nuclear factor-kappa B activation cul-
minates in the production of NF-kB-dependent proinflamma-
tory mediators, such as the enzymes inducible nitric oxide syn-
thase (iINOS) and inducible cyclooxygenase type 2 (COX-2).
Interestingly, during the last years, our group and others have

A GONTROL ~ STRESS  GONTROL  STRESS B
(HeN) (HeN) (HeJ) (HeJ)

TLR4 o o e B S e s - - 95KDa
[-actin e - - - —— a—— - 12kDa

125 * 450 3
100 P 125
g £ 2 100. T
=75 s 2
g FERE
2w g:
3 Eg
.4 33 5o
pa | 5 =
P25 CEI

1. Garate et al.

described that this cellular pathway is activated in the brain
prefrontal cortex (PFC) of rodents submitted to stress exposure,
with a key role for NF-kB as a crucial factor in the oxidative/
nitrosative damage produced (5,20).

Two major mechanisms have been proposed to activate
TLR-4: the first one is related to pathogen-associated molecular
patterns released from disrupted cells and extracellular matrix
degradation products that may contribute to immune activation
after tissue injury (21). The second one comes from some models
of stress showing an increase in intestinal permeability and a
resultant bacterial translocation to the systemic circulation (22—
24). These circulating gram-negative Enterobacteriaceae (i.e.,
Escherichia coli) are a major source of LPS, which can activate
brain TLR-4 through multiple pathways, inducing a neuroinflam-
matory response. This proposed mechanism, known as leaky
gut, also takes place in depressive patients and it has been
related to the inflammatory pathophysiology of the disease
(25,26), as well as in other clinical situations such as chronic
fatigue syndrome, a stress-related disorder characterized by in-
creased systemic inflammatory responses (27).

Taking into account all this background, the present study
aimed to evaluate whether the TLR-4 signaling pathway is activated
after repeated stress exposure in mice PFC, the potential regulatory
mechanism implicated (i.e., bacterial translocation), and its role in
conditions of stress-induced neuroinflammation, using a genetic
(TLR-4 deficient mice) strategy.

Figure 2. Toll-like receptor-4 (TLR-4)/myeloid differentia-
tion protein-2 (MD-2) upregulation is elicited by stress
exposure in C3H/HeN (HeN) mice prefrontal cortex (PFC).
Protein levels of TLR-4 (A), MD-2 (C), and myeloid differ-
entiation factor 88 (MyD88) (E) in brain PFC samples of
control and stressed HeN and C3H/HeJ (HeJ) mice. The
densitometric data of the respective band of interest are
normalized by B-actin (lower band). Data are representa-
tive of three experiments. *p <.05; **p <.01 vs. CONTROL
(HeN); *p < .05 vs. STRESS (HeN). Two-way analysis of
variance following Bonferroni post hoc test. Messenger
RNA (mRNA) relative levels of TLR-4 (B), MD-2 (D), and
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MyD88 (F) in brain PFC samples of control and stressed
HeN and HeJ mice. Each mRNA data are normalized by
tubulin. Data represent the mean = SEM (n = 6). *p < .05
vs.CONTROL (HeN); *p < .05 vs. STRESS (HeN); #p < .01 vs.
STRESS (HeN); *#p < .001 vs. STRESS (HeN). Two-way
analysis of variance following Bonferroni post hoc test.
OD, optical density.
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Methods and Materials

Animals

Adult (14 weeks old) male C3H/HeN (HeN) and C3H/HeJ (HeJ)
mice weighing 28 g to 30 g were used (Jackson Laboratories, Bar
Harbor, Maine). The C3H/HeJ murine strain has a loss of function
point mutation within the coding region of the TLR-4 gene, which
abolishes the response to LPS in these mice (28). The C3H/HeN
substrain was used as the control group. Both strains will be de-
scribed as HeN and HelJ throughout the article.

All the animals were housed in groups (n = 6) under standard
conditions of temperature and humidity and a 12-hour light/dark
cycle (lights on at 08:00 hours) with free access to food and water
and were maintained under constant conditions for 7 days before
stress. All experimental protocols adhered to the guidelines of the
Animal Welfare Committee of the Universidad Complutense follow-
ing European legislation (2003/65/EC).
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Experimental Design
The experimental design is summarized in Figure 1 (see Supple-
ment 1 for details).

Intestinal Antibiotic Decontamination

The decontamination protocol used consists of an antibiotic
treatment administered from the first day of stress in drinking wa-
ter, consisting of ciprofloxacin (Fluka-Sigma-Aldrich, Madrid, Spain)
100 mg/L and sucrose 20 g/L, following previous protocols (29). The
amount of antibiotic consumed was >75% of initially adminis-
trated. In addition to its effects on bacterial replication, antibiotic
treatment could produce direct effects on the immune/inflamma-
tory response, representing a potential confound. We checked this
possibility by comparing the levels of INOS and COX-2 in HeN mice
with and without antibiotic treatment under control conditions and
3 hours after systemic LPS (500 p.g/kg). No major changes were
found between them (numerical densitometric data in Table ST in
Supplement 1).

Figure 3. Toll-like receptor-4 immunoreactivity in the
brain prefrontal cortex of C3H/HeN mice in control and
stress conditions. 30 wm-thick sections through the pre-
frontal cortex of C3H/HeN mice in control (A, C, E) and
stress (B, D, F) conditions. The respective cellular markers
appear in green: neurons are identified with neuronal
nuclei (A, B), microglia with IBA-1 (C, D), and astroglia
with S-100 (E, F). In all cases, toll-like receptor-4 is marked
in red. Toll-like receptor-4 localizes to the respective cel-
lular marker with areas of overlap appearing yellow in the
merged image (white arrow in [A, B]). Scale bar: 25 pm for
(A) and (B); 50 pm for (C-F).

www.sobp.org/journal
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Stress Protocol and Tissue Samples

Mice were restrained in 50-mL Falcon conical tubes (BD Biosci-
ences, Franklin Lakes, New Jersey) with modified caps, each with a
small hole to accommodate the tail of the mouse. Adequate venti-
lation was provided by holes drilled into the conical end and at the
sides of the tubes. The tubes did not allow forward or backward
movements. At the same time, mice were exposed to acoustic
stress using an ultrasound bath (2 hours from 13:00 to15:00 hours
for 2 or 4 days) (30-32).

Samples were taken immediately after restraint using sodium
pentobarbital (320 mg/kg, intraperitoneal; Vetoquinol, Madrid,
Spain). Blood for plasma determinations was collected by cardiac
puncture and anticoagulated in the presence of trisodium citrate
(3.15% wt/vol). After decapitation, the brain was separated from the
skull, meninges and blood vessels were removed, and the PFC areas
from both hemispheres were excised and frozen at —80°C until
assayed. In some groups of animals, a portion of the descending
colon was removed and stored at —80°C (see Supplement 1 for
more details).

Preparation of Nuclear Extracts
A modified procedure based on the method of Schreiber et al.
(33) was used (Supplement 1).

Bacterial Translocation

Gram negative and positive microbiological cultures prepara-
tion, characterization, and quantification are described in detail in
Supplement 1.

Plasma LPS and Lipopolysaccharide Binding Protein Levels

Plasma LPS and lipopolysaccharide binding protein (LBP) levels
were determined using commercially available kits following the
manufacturer’s instructions (Hycult Biotech, Uden, The Nether-
lands) (see Supplement 1 for more details).

1. Garate et al.

Immunoglobulin A Determination

Colonicimmunoglobulin A (IgA) levels were determined by using a
commercially available enzyme-linked immunosorbent assay kit
(Bethyl Laboratories, Montgomery, Texas) (see Supplement 1 for de-
tails).

Western Blot Analysis

To determine the expression levels of TLR-4 MD-2 and MyD88,
the enzymes iNOS and COX-2, brain prefrontal cortices were used.
The same protocol was used to determine the protein levels of the
intestinal epithelial cell-derived chemokine CCL28 in colonic sam-
ples. Finally, in the case of the NF-«kB subunit p65 and peroxisome
proliferator-activated receptor y (PPARYy), analyses were carried out
in nuclear extracts from PFC samples (see previous point). Detailed
information about sample preparation, protocol, and primary and
secondary antibodies used in Supplement 1.

Real Time-Polymerase Chain Reaction Analysis

Total cytoplasmic RNA was prepared from samples of PFC using
TRIZOL reagent (Invitrogen, Grand Island, New York); aliquots were
converted to complementary DNA using random hexamer primers.
Quantitative changes in messenger RNA (mRNA) levels were esti-
mated by real time-polymerase chain reaction (see Supplement 1
for details).

Perfusion and Histology

At the end of the last session of stress, mice were anesthetized
and perfused via the ascending aorta with 4% paraformaldehyde in
.1 mol/L phosphate buffered saline, pH 7.4, and the brains were
removed, overnight postfixed, and cryoprotected in 15% sucrose
during 24 hours. Regularly spaced series of 30 wm-thick coronal
sections were collected in cryoprotectant solution and stored at
—20°C until processing.

Figure 4. Bacterial translocation after repeated stress ex-
* posure in C3H/HeN (HeN) and C3H/HeJ (Hel) mice. (A)
Lipopolysaccharide binding protein (LBP) plasma levels of
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Figure 5. Intestinal levels of CCL28 and immunoglobulin A (IgA) decrease
after 2 days of stress in C3H/HeJ (HeJ) animals. (A) Western blot of CCL28 in
colonic samples of control and 2 days stressed C3H/HeN (HeN) and HeJ mice.
The densitometric data of the band of interest are normalized by B-actin (lower
band) and represent three experiments. **p < .01 vs. CONTROL (HeN); *#p <
.01 vs. STRESS (HeN). Two-way analysis of variance following Bonferroni post
hoc test. (B) Immunoglobulin A levels quantification in colonic samples of
control and 2 days stressed HeN and HeJ mice. Data represent the mean =+
SEM of six animals per group. ®p < .05 vs. CONTROL (HeJ). Two-way analysis
of variance following Bonferroni post hoc test. OD, optical density.

Immunohistochemistry

To identify the cell type(s) displaying TLR-4-like immunoreactiv-
ity,a dualimmunofluorescence protocol was used (see Supplement
1 for protocol details).

NF-kB Transcription Factor Assay

Nuclear factor-kappa B transcription factor activity was deter-
mined on nuclear extracts by using an enzyme-linked immunosor-
bent assay-based kit (Cayman Chemicals, Tallin, Estonia) (see Sup-
plement 1 for sequence details).

Lipid Peroxidation
Lipid peroxidation was measured by the thiobarbituric acid test
(34), with some modifications (see Supplement 1 for details).

Plasma Corticosterone

Plasma was obtained from blood samples by centrifuging the
sample at 1.000g for 15 minutes immediately after stress. All
plasma samples were stored at —20°C before assay. Corticoste-
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rone was measured by the radioimmunoassay kit Coat-a-Count
(Siemens, Los Angeles, California) (see Supplement 1 for details).

Protein Assay
Protein levels were measured using Bradford method (35).

Chemicals
Unless otherwise stated, the chemicals were from Sigma, Ma-
drid, Spain.

Statistical Analyses

Data in text, tables, and figures are expressed as mean = SEM.
For multiple comparisons of the antibiotic groups, a one-
way analysis of variance followed by the Newman-Keuls post hoc
test was made. A p value <.05 was considered statistically signif-
icant.

All data derived of the experiments with TLR-4 deficient mice
(Hel) were analyzed with a two-way analysis of variance fol-
lowed by Bonferroni post hoc test, considering as first factor the
presence/absence of stress or LPS and as second factor the mice
strain (HeN vs. HeJ). A p value <.05 was considered statistically
significant.

Results

Proinflammatory Enzymes in the PFC of HeN and HeJ
After LPS

To verify whether systemic LPS upregulates iNOS and COX-2 in
the PFC of mice via TLR-4 activation, .1mg/kg of LPS was intraperi-
toneal injected to HeN and HeJ mice. Two hours later, both param-
eters were significantly increased in HeN, but not in Hel, mice
(densitometric data in Table S2 in Supplement 1).

TLR-4 Expression and Signaling in the Brain PFC of HeN and
HeJ Mice Submitted to Stress

To elucidate whether TLR-4 signaling pathway is activated in
mice brain PFC after stress exposure, we studied the expression at
mRNA and protein level of TLR-4, MD-2, and MyD88.

Stress exposure increased both TLR-4 and MD-2 at protein and
MRNA level in HeN mice (Figure 2A-D). Conversely, MyD88 expres-
sion remained unaffected (Figure 2E, F). As expected, stress expo-
sure in HeJ mice did not change TLR-4, MD-2, or MyD88 expression
when compared with control status (Figure 2A-F).

Cellular Types Displaying TLR-4 Immunoreactivity in the PFC
of HeN Mice

Afterward, a qualitative approach trying to identify the cellular
types where TLR-4 is expressed in PFC was made. A detailed exam-
ination of the images indicates that TLR-4 is expressed in neurons
(Figure 3A, B), microglia (Figure 3C, D), and astroglia (Figure 3E, F),
both in control and after stress exposure conditions. Toll-like recep-
tor-4 immunoreactivity in neurons is uniformly distributed in the
neuronal soma.In microglia, TLR-4 is more associated to the cellular
membrane and processes. In the case of astroglia, TLR-4 immuno-
staining is present both in astrocyte somata and processes. In addi-
tion, no major differences in TLR-4 expression or cellular distribu-
tion were found between control and stress conditions in HeN mice
in the three cellular types studied (see detailed Figures S1 through
S3in Supplement 1).

www.sobp.org/journal
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Figure 6. Intestinal decontamination prevents stress-in-
duced increase in plasma lipopolysaccharide binding pro-
tein (LBP) and toll-like receptor-4 (TLR-4) signaling path-
way activation. (A) Lipopolysaccharide binding protein
plasma levels of control and 4 days stressed C3H/HeN
(HeN) mice with or without antibiotic (ATB). Data repre-
sentthe mean = SEM (n = 6).*p <.05vs. CONTROL (HeN);
#p < .05 vs. STRESS (HeN). Two-way analysis of variance
(ANOVA) following Bonferroni post hoc test. Protein
(Western blot) of TLR-4 (B), myeloid differentiation pro-
tein-2 (MD-2) (D) in brain prefrontal cortex samples of

e control and stressed HeN mice with or without antibiotic.
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Possible Regulatory Mechanisms of TLR-4 Activation in Brain
PFC After Stress

To clarify the origin of the stress-induced activation of the TLR-4
pathway, we studied LPS and LBP levels in plasma, as well as bacte-
rial translocation in mesenteric lymphatic nodes (MLNs), liver, and
spleen. Stress exposure increased plasma LBP and significant differ-
ences were found between both stressed mice strains (Figure 4A).
Neither plasma LPS levels nor bacterial translocation showed signif-
icant differences after 4 days of stress exposure in both stressed
strains of mice (data not shown).

Since there is a marked intestinal inflammation and an in-
crease in bacterial translocation in acute stress protocols that
tend to disappear in chronic conditions (24) and taking into
account that LBP and TLR-4 were increased after 4 days of stress
exposure, we decided to study the possibility that bacterial
translocation and intestinal dysfunction took place before the
fourth day of stress. To verify this possibility, we exposed the
mice to only 2 days of stress.

In this case, LPS did not change after stress exposure in HeN
mice, although a trend to increase exists (Figure 4B). However,
HeJ mice showed increased levels both in control and stress
conditions (Figure 4B).

A further analysis of viable microorganisms was conducted. Af-
ter 2 days of stress, bacteria were found in MLNs of one control and
all of the stressed HeJ mice and in the spleen and liver of both
groups of stressed animals (Figure 4C-E). However, there were no
bacteria in the blood of any group of mice (Figure 4F). The qualita-
tive analysis identified the gram positive bacterial strains Staphylo-
coccus aureus, coagulase-negative Staphylococcus, Bacillus sp, and
Lactobacillus sp after stress exposure in HeN mice, while in HeJ mice,
the strains of translocated bacteria were Staphylococcus aureus,
Bacillus sp, Lactobacillus sp, Streptomyces sp, and the gram negative
Proteus mirabilis. All these bacterial strains are part of the resident
intestinal microbiota of C3H mice.

www.sobp.org/journal
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To clarify whether bacterial translocation observed after 2 days
of stress exposure was related to intestinal inflammation, we de-
cided to study some parameters related in this organ. We quantified
the chemokine CCL28, also known as mucosae-associated epithe-
lial chemokine, which regulates the migration of Immunoglobulin-
expressing cells. Immunoglobulin A represents a first line of de-
fense mechanism against pathogens and a decrease in its amount
in the colon contributes to bacterial translocation. CCL28 levels
were increased after 2 days of stress in HeN but not in HeJ mice
(Figure 5A). In addition, HeJ mice showed lower levels than HeN
mice after stress exposure (Figure 5A). Furthermore, IgA levels de-
creased in both groups after stress exposure, but only the HeJ
group reached significant differences compared with its control
(Figure 5B). No differences were found between strains after stress
exposure (Figure 5B).

Intestinal Decontamination on Stress-Induced TLR-4
Activation in HeN Mice

Antibiotic decontamination decreased stress-induced LBP lev-
els in plasma (Figure 6A). There was no bacterial translocation to
MLNs, spleen, liver, or blood of HeN mice treated with antibiotic
(data not shown).

The blocking effect of bacterial decontamination in HeN animals
is extended to stress-induced TLR-4 (Figure 6B, C) and MD-2 (Figure
6D, E) respective upregulation in brain PFC. Antibiotic administra-
tion before stress exposure did not modify MyD88 levels (data not
shown).

Role of TLR-4 in Stress-Induced Neuroinflammation and
Oxidative Damage in Mice Brain PFC

The nuclear factor-kappa B p65 subunit is increased in nuclear
extracts of stressed HeN animals (Figure 7A). However, stress expo-
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Figure 7. Lack of toll-like receptor-4 prevents stress-in-
duced nuclear factor-kappa B (NF-kB) expression and ac-
tivation and cyclooxygenase type 2 (COX-2) and inducible
nitric oxide synthase (iNOS) upregulation. (A) Western
blot detection of NF-kB p65 subunit and densitometric
analysis of the band of interest in brain prefrontal cortex
nuclear extract samples of control and stressed C3H/HeN
(HeN) and C3H/HeJ (HeJ) mice. The densitometric data are
normalized by SP1 (lower band) and are representative of
three experiments. *p < .05 vs. CONTROL (HeN); ”p <.05

vs. STRESS (HeN). Two-way analysis of variance (ANOVA)
following Bonferroni post hoc test. (B) Transcriptional ac-
tivity of NF-kB p65 subunit in nuclear extracts from con-
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trol and stressed HeN and HeJ mice. The data represent
the mean = SEM (n = 6). *p < .05 vs. corresponding
CONTROL (HeN); *p < .05 vs. STRESS (HeN). Two-way
ANOVA following Bonferroni post hoc test. Western Blot
detection of the proinflammatory enzymes iNOS (C) and
COX-2 (E) and densitometric analysis of the respective
bands of interest in brain cortex samples of control and
stressed HeN and HeJ mice. The densitometric data are
normalized by B-actin (lower band) and are representa-
tive of three experiments. *p <.05; **p < .01 vs. CONTROL

(HeN); *p < .05 vs. STRESS (HeN). Two-way ANOVA follow-
ing Bonferroni post hoc test. Inducible nitric oxide syn-
thase (D) and COX-2 (F) messenger RNAs (mRNAs) rela-
tive levels in brain cortex of control and stressed HeN and
HeJ mice. Each mRNA data are normalized by tubulin.
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Data represent the mean = SEM (n = 6). *p < .05 vs.
CONTROL (HeN); #p < .05 vs. STRESS (HeN); #p < .01 vs
STRESS (HeN). Two-way ANOVA following Bonferroni post
hoc test. A.U,, arbitrary units; OD, optical density.
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sure did not change p65 nuclear levels in HeJ mice (Figure 7A).
Complementary studies on p65 transcriptional activity mimic the
same pattern in both strains (Figure 7B).

Stress exposure also caused an increase in the expression of
COX-2 and iNOS at protein (Figure 7C-E) and mRNA levels (Figure
7D-F). These effects were absent in HeJ stressed mice (Figure 7C-F).

In addition, interleukin-6 was also measured by polymerase
chain reaction as a specific proinflammatory marker. In HeN mice,
there is an increase of this cytokine after stress, which is missing in
HeJ mice (Figure 8A).

As a final index of stress-induced cellular damage, we mea-
sured the accumulation of malondialdehyde in the brain PFC.
C3H/HeN animals presented a malondialdehyde overaccumula-
tion after stress exposure not present in stressed HeJ mice (Fig-
ure 8B).

Peroxisome proliferator-activated receptor v is regulated by
stress exposure (36) and also by TLR-4 activation in other exper-
imental settings (37). We explore the possible effect of TLR-4
deficiency on this anti-inflammatory mediator produced in our
model. Western blot and real time-polymerase chain reaction
studies showed increased levels of PPARy in PFC samples of HeJ
stressed mice compared with HeN stressed group (Figure 8C, D).

T T
CONTROL(HeN) STRESS(HeN) CONTROL(HeJ) STRESS(HeJ)

Intestinal Decontamination Effect on Stress-Induced
Neuroinflammation in HeN Mice

Antibiotic treatment blocked stress-induced activation of
NF-kB in the PFC of HeN mice (Figure 9A, B). The anti-inflamma-
tory effects of antibiotic treatment were extended to stress-
induced iNOS and COX-2 respective upregulation in the PFC of
HeN mice (Figure 9C, D).

Role of TLR-4 in the Hypothalamic-Pituitary-Adrenal Axis
Activation Elicited by Stress Exposure

Stress increased plasma corticosterone levels in HeN mice after 2
or 4 days of exposure, as expected. Interestingly, TLR-4 deficient
individuals only present significant differences to their control sub-
jects after 2 days of stress exposure. In addition, HeN and HeJ mice
respective plasma corticosterone levels after both times of stress
exposure were very similar, at least at the moment of blood extrac-
tion (see Table 1 for numerical data).

Discussion

The present work demonstrates that repeated restraint/acoustic
stress exposure upregulates TLR-4 pathway and suggests a key role
for TLR-4 in the neuroinflammation produced in the brain PFC

www.sobp.org/journal
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(Figure 10). We have demonstrated that stress-induced NF-«kB acti-
vation, iNOS and COX-2 upregulation, and cellular oxidative/nitro-
sative damage are reduced when the TLR-4 pathway is defective.
Conversely, TLR-4 deficient mice presented higher levels of PPARy
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after stress exposure. The battery of experiments using antibiotic
intestinal decontamination also suggests a role of bacterial translo-
cation on TLR-4 signaling pathway activation in the PFC after stress
exposure, as well as implicates TLR-4 in the regulation of the gut
barrier dysfunction and bacterial translocation produced.

Increasing evidence has been accumulated regarding the role of
TLRs in the pathophysiology of several neurological/neurogenera-
tive diseases (38 -40). The results presented here support the role
of TLR-4 as animportant regulatory factor in the physiological stress
response and open the possibility for its pharmacological modula-
tion to minimize oxidative and inflammatory damage in the brain
after stress and in stress-related pathologies. However, TLRs have
multiple physiological functions, such as the restoration of central
nervous system homeostasis (41), the proper resolution of the in-
flammatory process (42), or the trigger of acute phase responses
(43). Further investigation is necessary to address if inhibition of
TLR-4 might be beneficial or harmful in different pathological sce-
narios.

Regarding TLR-4 signaling pathway regulation, our results sug-
gest that bacterial translocation is responsible, at least in part, for
the activation of TLR-4 in the PFC after stress exposure. Of special
interest is the fact that HeJ mice presented higher levels of plasma
LPS after 2 hours of stress exposure than HeN mice. In addition, HeJ
animals also presented more colonies of living bacteria in the MLNs,
liver, and spleen (gram negative bacteria included) and lower intes-
tinal protection afforded by IgA. These findings suggest that TLR-4
deficiency aggravates stress-induced intestinal dysfunction and
subsequent bacterial translocation. In agreement with the results
reported here, a proper TLR-4 signaling is required for intestinal
response to epithelial injury and to restrict bacterial translocation in
a murine model of acute colitis (44). A role for TLR-4 increasing the
gut production of IgA has also been reported, showing that this
effect was mediated by TLR-induced expression of the chemokine
CCL28, which promoted the recruitment of B cells into the lamina
propria (45). Indeed, HeJ mice are more prone to the development
of gram negative sepsis (28).

Toll-like receptor-4 increased expression induced by different
protocols of psychological stress in rodents, such as chronic mild
stress or social disruption, has also been demonstrated in the brain
PFC and in splenic macrophages, respectively (16,46). It is worth
noting that TLR-4 can be regulated by other stress mediators, such
as heat shock proteins (47) and the excitatory amino-acid gluta-
mate, which regulates TLR-4 expression in an N-methyl-D-aspartate
receptor-related mechanism after LPS (48). Concerning other stress

Figure 8. Toll-like receptor-4 deficiency prevents stress-induced interleu-
kin-6 (IL-6) upregulation and peroxisome proliferator-activated receptor -y
(PPARYy) downregulation in C3H/HeN (HeN) mice. (A) Interleukin-6 messen-
ger RNA (mRNA) relative levels in brain cortex of control and stressed HeN
and C3H/HeJ (HeJ) mice. Data represent the mean = SEM (n = 6).*p <.05 vs.
CONTROL (HeN); two-way analysis of variance (ANOVA) following Bonfer-
roni post hoc test. (B) Malondialdehyde (MDA) levels in prefrontal cortex
homogenates of control and stressed HeN and HeJ mice. Data represent the
mean * SEM (n = 6). *p < .05 vs. CONTROL (HeN); two-way ANOVA follow-
ing Bonferroni post hoc test. (C) Peroxisome proliferator-activated receptor
+ protein levels in brain prefrontal cortex nuclear extracts samples of control
and stressed HeN and HeJ mice. The densitometric data are normalized by
SP1 (lower band) and are representative of three experiments. ®p < .05 vs.
CONTROL (HelJ). Two-way ANOVA following Bonferroni post hoc test. (D)
Peroxisome proliferator-activated receptor y mRNA relative levels in brain
cortex of control and stressed HeN and HeJ mice. Messenger RNA data are
normalized by tubulin. Data represent the mean = SEM (n = 6). **p <.01 vs.
CONTROL (HeN); #p < .01 vs. STRESS (HeN). Two-way ANOVA following
Bonferroni post hoc test. OD, optical density.
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Table 1. Plasma Corticosterone Levels (ng/mL) Under Basal and Stress
Conditions in HeN and HeJ Mice

HeN Mice HeJ Mice
Control 74.89 = 14.41 118.8 = 22.72
Stress 2 Days 219.3 = 52.06° 238.8 + 46.02°
Stress 4 Days 157.6 = 18.27¢ 1559 + 234

Data represent the mean = SEM of six mice per group.

HeJ, C3H/HeJ; HeN, C3H/HeN.

“p < .05 vs. control (HeN).

bp < .05 vs. control (HeJ). Two-way analysis of variance following Bon-
ferroni post hoc test.

pathways, such as the sympathetic nervous system, TLR-4 is regu-
lated by the B,-adrenergic receptor in macrophages (49,50).
Indeed, it is possible that different stressors could differentially
influence TLR-4-driven innate immune response by means of
nonexclusive mechanisms.

An issue of special interest is how LPS signal gets into the brain
from the periphery, particularly in brain areas far removed from
circumventricular organs, such as the PFC. Our results agree with
previous studies showing TLR-4 expression in murine primary cor-
tical neurons (51), astrocytes (40), and microglia (52) under inflam-
matory conditions. However, further quantitative immunohisto-
chemical studies are needed to identify the nature of the cellular
types implicated in the upregulation of TLR-4 elicited by stress
exposure and the potential function of TLR-4 present in the PFC
regulating the hypothalamic-pituitary-adrenal (HPA) axis response
to LPS or otherimmune/inflammatory challenges. In addition to the
well known expression of TLR-4 in the periphery, our results suggest
that it can regulate the indigenous flora and bacterial translocation
at gut level after inflammatory stimuli. Indeed, a limitation of our
study is that it is not possible to know whether the important role of
TLR is in the brain, the periphery, or both. Indeed, further studies
with specific TLR-4 knockout mice for each compartment/cellular
type expressing this receptor are needed.

Our results suggest that TLR-4 is relevant in the activation of
NF-kB proinflammatory pathways elicited by stress exposure in the
brain PFC. The loss of functional TLR-4 allows the C3H/HEJ strain to
be less susceptible to acute insults, such as brain ischemia (15,40) or
axotomy-induced neurodegeneration (53). As commented above,
more studies are necessary to demonstrate whether TLR-4 defi-
ciency affords neuroprotection in chronic neuroinflammatory con-
ditions or in relapse-remitting courses of disease. In this vein, an

Figure 9. Intestinal decontamination prevents stress-induced nuclear fac-
tor-kappa B (NF-kB) p65 activity and inducible nitric oxide synthase (iNOS)
and cyclooxygenase type 2 (COX-2) upregulation. (A) Western blot detec-
tion of NF-«kB p65 subunit and densitometric analysis of the band of interest
in brain prefrontal cortex nuclear extract samples of control and stressed
C3H/HeN (HeN) mice with the respective administration of vehicle or anti-
biotic (ATB). The densitometric data are normalized by SP1 (lower band) and
are representative of three experiments. *p < .05 vs. CONTROL (HeN); p <
.05 vs. STRESS (HeN). One-way analysis of variance (ANOVA) following New-
man-Keuls post hoc test. (B) Transcriptional activity of NF-kB p65 subunitin
nuclear extracts from samples of control and stressed HeN mice with the
respective administration of vehicle or antibiotic. The data represent the
mean = SEM (n = 6).**p < .01 vs. CONTROL (HeN); p < .05 vs. STRESS (HeN).
One-way ANOVA following Newman-Keuls post hoc test. Western blot de-
tection of iNOS (C) and COX-2 (D) and densitometric analysis of the bands of
interest in brain prefrontal cortex nuclear extract samples of control and
stressed HeN mice with or without antibiotic. The densitometric data are
normalized by B-actin (lower band) and are representative of three experi-
ments. *p < .05 vs. CONTROL (HeN). One-way ANOVA following Newman-
Keuls post hoc test. A.U., arbitrary units; OD, optical density.

www.sobp.org/journal



10 BIOL PSYCHIATRY 2012;xx:XXX

3

G

&

x

o

[

w

o

>

£ .
8 4
2 ANTIBIOTIC
g i

z

E PRO-INFLAMMATORY MEDIATORS

E COX-2, PGE;, IL-6 Bl

o

ANTI-INFLAMMATORY MEDIATORS
+ 15d-PGJ,, PPARY

J-

CELL DAMAGE |

Figure 10. Schematic view of the role of toll like receptor-4 (TLR-4) on
stress-induced neuroinflammation. COX-2, cyclooxygenase type 2; IL-6: in-
terleukin-6; iNOS, inducible nitric oxide synthase; LBP, lipopolysaccharide
binding protein; LPS, lipopolysaccharide; MD-2, myeloid differentiation pro-
tein-2; NF-kB, nuclear factor-kappa B; PGE,, prostaglandin E2; 15d-PGJ,,
15d-Prostaglandin J,; PPARy: peroxisome proliferators activated receptor v;
(—), inhibition; (+), stimulation.

interesting study has shown that TLR-4 mediates the imbalance of
Th1/Th2 cytokines in chronic restraint stress-induced immune sup-
pression (54). However, blocking TLRs may lead to inappropriate
immune responses such as allergic Th2 responses or immunologi-
cal tolerance (55), illustrating the need for more studies to fully
understand its therapeutic potential.

Another effect to explore in TLR-4 deficient mice submitted to
chronic stressors or after chronic bacterial translocation is LPS tol-
erance (56), an immunosuppressed state in which proinflammatory
responses attenuate over time but oxidative/nitrosative damage
could remain elevated. In fact, several authors suggest that altered
TLR-4 function is responsible for endotoxin tolerance (57).

Interestingly, our results showed that HeJ mice presented
higher levels of the anti-inflammatory mediator PPARry after stress.
These results agree with others reporting a crosstalk between LPS/
TLR-4 and PPARy in inflammatory scenarios, such as LPS-induced
acute lung injury, inflammatory bowel disease, or LPS-induced pre-
term delivery (58-60), and at cellular level in macrophages and
otherimmune cells (37,61,62). Whether these results are important
in the pathophysiology of chronic stress-related diseases, such as
depression, remains to be elucidated. The use of more specific and
potent TLR-4 inhibitors than the currently available will be needed.

Toll-like receptor-4/corticosterone interactions may be more in-
tricate. Our results show that under basal conditions, plasma corti-
costerone levels tend to increase in Hel individuals, and interest-
ingly, stress did not increase corticosterone secretion in HeJ mice
compared with HeN mice after 4 days of stress, suggesting a failure
in HPA feedback regulation or a hypofunction of the axis in these
animals in chronic stress conditions. Basal alterations in adrenal
gland structure and corticosterone levels in absence of TLR-4 have
been previously presented (14). This role of TLR-4 is suitable for
exploration in neuropsychiatric diseases, such as depression, a clin-
ical setting in which hypercortisolemia and a clear deregulation of
the mechanisms that prevent a potential damaging chronic activa-
tion of the HPA axis are present (63). Thus, complementary neu-
roendocrine/behavioral studies on TLR-4 deficient mice submitted
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to chronic stress conditions, resembling a depressive-like condi-
tion, are essential.

In summary, the data presented here suggest a functional role of
TLR-4 in the brain PFC after stress exposure. Furthermore, a possible
protective role of antibiotic decontamination in those stress-re-
lated pathologies presenting an increased or chronic intestinal per-
meability (leaky gut) in their pathophysiology, such as depression,
deserves further consideration, always taking into account the det-
rimental effects of long-term use or repeated administration of
antibiotics on mucosal integrity (64). Alternatively, the use of other
evidence-based treatments targeting leaky gut, such as glutamine,
has been suggested (65). Similarly, a protective role for antibiotic
decontamination in an experimental model of depression has been
recently demonstrated (16), opening the possibility to translational
studies in psychopathologies.
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