
INTRODUCTION
Sepsis and its consequences are the

most common causes of mortality in in-
tensive care units (1,2). Sepsis-associated
encephalopathy (SAE) has many different
clinical presentations, but one of the most
common findings is the altered level of
consciousness that ranges from confusion
to delirium and coma (3). Furthermore,
SAE is associated with an increased rate
of morbidity and mortality (4).

The exact mechanism to explain
brain dysfunction in septic patients is
not fully understood, but it appears to
involve different mechanisms that in-
clude oxidative stress, cerebral energy
dysfunction, blood–brain barrier (BBB)
disruption and disturbances in neuro-
transmission (2,6–8). All these alter-
ations could be related to an inappro-
priate activation of the immune system
(5). In this context, evidence suggests

that there is a critical role for the
CD40–CD40 ligand (L) signaling path-
way in several inflammatory disorders.
This pathway was described in differ-
ent conditions associated with both
neuroinflammation and brain oxidative
stress (9–12), suggesting that it can be
relevant to the development of SAE.
Moreover, it has been proven in sepsis
that there is a systemic increase of
CD40 and its ligand (13,14).
CD40–CD40L interaction stimulates
many transcription factors, thereby in-
creasing the expression of many media-
tors such as adhesion molecules, cy-
tokines, growth factors and
metalloproteinases (MMPs) (15). The
integrity of the BBB appears to play a
major role in the progression of brain
dysfunction after sepsis. Additionally,
the activation of the CD40–CD40L
pathway could interfere in inflamma-
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tory mediator signaling that may par-
ticipate in the breakdown of BBB. Thus,
we hypothesize that the CD40–CD40L
signaling could be of major relevance
in brain dysfunction associated with
sepsis.

The aim of this work is to evaluate the
role of CD40–CD40L pathway activation
in the brain dysfunction associated with
sepsis in an animal model.

MATERIALS AND METHODS

Drugs
CD40 and CD40L were purchased

from Abcam (Cambridge, MA, USA).
Dulbecco modified Eagle medium
(DMEM), fetal bovine serum, trypsin-
ethylenediaminetetraacetic acid
(Trypsin-EDTA), deoxyribonuclease I,
penicillin-streptomycin and minocy-
cline were purchased from Sigma-
Aldrich (St. Louis, MO, USA).

Ethics
The experimental procedures involv-

ing animals were in accordance with
the National Institutes of Health (Be-
thesda, MD, USA) Guide for the Care and
Use of Laboratory Animals, adopted by
the National Institutes of Health (NIH)
(16) and the approval of our institu-
tional ethics committee.

Primary Microglia Culture
Primary mixed glial cell cultures were

prepared from the cerebral cortex of 
7-d-old rats (Wistar) as described 
previously (17). Cells isolated from
cerebral hemispheres were dissociated
in PBS containing 0.25% trypsin and
0.02 mg/mL deoxyribonuclease I and
plated at a density of 0.1 × 106 cells/cm2

in 75-cm2 culture flasks in DMEM sup-
plemented with 10% fetal bovine
serum. At confluency (12–14 d), pri-
mary glial cultures were used to isolate
microglial cells as described previously
(17). Mixed glial cultures were shaken
briefly to dislodge any microglial cells
that were loosely attached to the astro-
cytes. Microglial cells were purified 
by preplating the cells for 30 min into

culture flasks (75 cm2) at a density of
0.1 × 106 cells/cm2. The contaminated
cells were removed by changing the
culture medium. After isolation, mi-
croglial cultures were treated with
lipopolysaccharides (LPS) (100 μg/mL)
for 24 h, then treated with anti-CD40
(100 μg/flask) for an additional 24 h.
After this period, both medium and
cells were collected to different analy-
ses (see below).

Procedures—Sepsis Induction and
Treatments

Rats were subjected to cecal ligation
and puncture (CLP) as described previ-
ously (18). They were anesthetized with
a mixture of ketamine (80 mg/kg) and
xylazine (10 mg/kg). Under aseptic con-
ditions, a 3-cm midline laparotomy was
performed to expose the cecum and ad-
joining intestine. The cecum was ligated
with a 3.0 silk suture at its base, below
the ileocecal valve, and was perforated
once with 14-gauge needle. The cecum
was then squeezed gently to extrude a
small amount of feces through the perfo-
ration site. The cecum was then returned
to the peritoneal cavity, and the laparo-
tomy was closed with 4.0 silk sutures.
Animals were resuscitated with regular
saline (50 mL/kg) subcutaneously (SC)
immediately after and 12 h after CLP. All
animals received antibiotics (ceftriaxone
at 30 mg/kg and clindamycin 25 mg/kg)
every 6 h SC for 3 d. In the sham-operated
group, the rats were submitted to all sur-
gical procedures but the cecum was nei-
ther ligated nor perforated. To minimize
variability between different experi-
ments, the CLP procedure was always
performed by the same investigator.

For some of the subsets of the experi-
ment, animals were treated with anti-
CD40 or isotype IgG as a control. Imme-
diately after the CLP procedure, animals
were placed in a stereotactic apparatus
and the hippocampus was cannulated
and anti-CD40 (1 μg/kg, 10 μg/kg or
100 μg/kg) was administered (19). In ad-
dition, some animals were treated with
minocycline as described previously (20).
In brief, immediately after sepsis induc-

tion, minocycline (100 μg/kg) or saline
was administered as a single intracere-
broventricular injection. Depending on
the experiment, some animals were fol-
lowed to the determination of mortality,
subjected to behavioral tasks or killed at
different times. The hippocampus was
then removed to perform several analy-
ses (see below).

Measures
Survival studies. Forty-four animals

were observed at regular (12 h) intervals
to the determination of mortality over
ten days after sepsis induction (sham-
 operated animals, CLP plus anti-CD40
(100 μg/kg), CLP plus saline, n = 18 ani-
mals each group)

Behavior tests. The animals (n = 10)
separately underwent two different be-
havioral tasks 10 d after surgery. The be-
havioral procedures were conducted be-
tween the hours of 1300 and 1600 in a
sound-isolated room, and a single animal
performed only one behavioral test at
only one point in time after surgery. All
behavioral tests were recorded by the
same person who was blind to the ani-
mal group.

The inhibitory avoidance procedure
was described in a previous report (21).
The apparatus was an acrylic box (50 ×
25 × 25 cm) whose floor consisted of
 parallel-caliber stainless-steel bars (1-mm
diameter) spaced 1 cm apart, and a plat-
form measuring 7 cm wide and 2.5 cm
high. Animals were placed on the plat-
form and their latency to step down on
the grid with all four paws was mea-
sured with an automatic device. Training
sessions were performed 10 d after sur-
gery. Immediately after stepping down
on the grid, animals received a foot
shock of 0.3 mA for 2 s. In test sessions
carried out 24 h after training, no foot
shock was given and the step-down la-
tency (maximum of 180 s) was used as a
measure of retention.

The habituation to the open-field task
evaluates motor performance in the
training section and nonassociative
memory in the retention test session. Ha-
bituation to an open field was carried
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out in a 40 × 60 cm open field sur-
rounded by 50 cm high walls made of
brown plywood with a frontal glass wall.
The floor of the open field was divided
into 12 equal rectangles by black lines.
The animals were gently placed on the
left rear quadrant and allowed to explore
the arena for 5 min (training session). Im-
mediately following this, the animals
were taken back to their home cage and
24 h later submitted again to a similar
open-field session (test session). Crossing
of the black lines and rearing performed
in both sessions were counted. The de-
crease in the number of crossings and
rearings between the two sessions was
taken as a measure of the retention of ha-
bituation (22).

CD40 and CD40L levels. To perform
immunoblotting, samples of brain tissue
were homogenized in Laemmli buffer
(62.5 mmol/L Tris-HCl, pH 6.8, 1%
[w/v] sodium dodecyl sulfate [SDS],
10% [v/v] glycerol) and equal amounts
of protein (100 μg/well) were fraction-
ated by polyacrylamide gel electrophore-
sis-sodium dodecyl sulphate (SDS-
PAGE) and electrotransferred to
nitrocellulose membranes. The efficiency
of electrotransfer was verified by Pon-
ceau S staining, and the membrane was
blocked in Tris-Tween buffer saline
(TTBS) (100 mmol/L Tris-HCl, pH 7.5,
containing 0.9% NaCl and 0.1% Tween
20) with 5% milk. The membranes were
incubated overnight at 4°C with rabbit
polyclonal anti-CD40 (1:1000) (Abcam) or
anti-CD40L (1:1000) (Abcam). Secondary
anti-rabbit IgG was incubated with the
membrane for 2 h (1:10000). The mem-
brane was washed with TTBS and the
immunoreactivity was detected by
chemiluminescence using enhanced
chemiluminescent (ECL) (Bio-Rad, São
Paulo, Brazil) substrates for detection of
horseradish peroxidase (HRP) enzyme
activity. Densitometry analysis was per-
formed with the software ImageJ v.1.34
(NIH, Bethesda, MD, USA). All results
are expressed as a relative ratio between
CD40 or CD40L and β-actin.

Levels of cytokines. Concentrations of
TNF-α, IL-1β and IL-6 were determined

by enzyme-linked immunosorbent assay
(ELISA) on microplate reader using com-
mercial kits (Peprotech, São Paulo, Brazil). 

Blood–Brain Barrier Permeability.
The integrity of the BBB was investi-
gated in animals using Evans blue dye
extravasation (23). The dye was adminis-
tered (2% wt/vol in phosphate-buffered
saline [PBS]) intravenously (3 mL/kg)
through the femoral vein of the rats. The
animals were perfused 1.5 h after using
normal saline (250 mL) through the left
ventricle at 110 mmHg pressure until
colorless perfusion fluid was obtained
from the right atrium. Quantitative eval-
uation of BBB permeability was
achieved by measuring the content of
Evans blue in the hippocampus by its
fluorescence intensity (nanogram per
milligram of brain tissue) (Spectramax
M2 microplate reader, Molecular De-
vices, Sunnyvale, CA, USA).

Thiobarbituric Acid Reactive Species.
The formation of thiobarbituric acid reac-
tive substances (TBARS) during an acid-
heating reaction was measured as an
index of oxidative stress as described
previously (24). The samples were mixed
with 1 mL of trichloroacetic acid 10%
and 1 mL of thiobarbituric acid 0.67%
(Sigma-Aldrich) and then heated in a
boiling water bath for 15 min. Malondi-
aldehyde (MDA) equivalents were deter-
mined by the absorbance at 535 nm
using 1,1,3,3- tetramethoxypropane
(Sigma-Aldrich) as an external standard.
Results were expressed as MDA equiva-
lents per mg of protein.

Measurement of Nitrite–Nitrate Con-
centration. Nitrite–nitrate concentration
was assayed spectrophotometrically
using Griess reagents (1% sulfanilamide
in 5% phosphoric acid and 0.1% N-1-
naphthylethylenediamine dihydrochlo-
ride in bidistilled H2O [NED solution])
and vanadium (III) chloride as described
previously (25). A standard curve was
run simultaneously with each set of sam-
ples and the optical density at 550 nm
(OD550) was measured using ELISA mi-
croplate reader (25).

Myeloperoxidase activity. The tissue
was homogenized (50 mg/mL) in 0.5%

of hexadecyltrimethylammonium bro-
mide (Sigma-Aldrich) and centrifuged
(8765g). The suspension was sonicated
and an aliquot of supernatant was
mixed with a solution of 1.6 mmol/L
3,3’,5,5’-tetramethylbenzidine (TMB) and
1 mmol/L H2O2. The myeloperoxidase
(MPO) activity was measured spec-
trophotometrically at 650 nm at 37°C.
The results were expressed as mU/mg
protein. (26).

Protein determination. The Lowry
protein assay was used to measure the
total protein concentration (27).

Statistical Analysis
Data collected were analyzed with one-

way analysis of variance (ANOVA) fol-
lowed by the Tukey post hoc method and
expressed as mean ± standard deviation.
Data from the open-field task were ana-
lyzed with ANOVA followed by Tukey
post hoc method and expressed as mean ±
SEM. Data from the inhibitory avoidance
task is reported as median and interquar-
tile ranges and comparisons among
groups were performed using the
Mann–Whitney U tests. For behavioral
analyses, individual groups were ana-
lyzed by the Wilcoxon tests. Mortality
was analyzed by the Kaplan–Meier sur-
vival curves and log-rank test. For all
comparisons, p < 0.05 indicated statistical
significance.

RESULTS

Microglia Activation Induces the
Upregulation of CD40–CD40L

The in vitro activation of microglia by
LPS was able to increase the cellular ex-
pression of CD40 and the secretion of
CD40L (Figure 1). The treatment with
anti-CD40 was able to decrease CD40
expression in microglia, causing a posi-
tive feedback loop (see Figure 1). This
also was observed in vivo. By using the
CLP model of sepsis, it was demon-
strated that from 12 to 48 h sepsis in-
duced and increased the hippocampal
content of both CD40 and CD40L (see
Figure 1). The upregulation of
CD40–CD40L seems to be dependent of
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microglia activation in vivo, since the in-
hibition of microglia by minocycline
was able to abrogate sepsis-induced up-
regulation of CD40–CD40L 24 h after
CLP (see Figure 1).

The Upregulation of CD40–CD40L
Induces Brain Inflammation

Microglia increased the secretion of
ΤΝF–α, IL-1β and IL-6 (Figures 2A–C) in
response to the in vitro LPS treatment.
Blocking the activation of CD40–CD40L
by anti-CD40 decreased the in vitro secre-
tion of the cytokines mentioned previ-
ously (see Figures 2A–C). To confirm
these results, we determined hippocam-
pal levels of ΤΝF–α, IL-1β and IL-6, 24 h
after CLP. As demonstrated previously,
sepsis is associated with an increase in
hippocampal levels of ΤΝF–α, IL-1β and
IL-6, and the intrahippocampal adminis-
tration of anti-CD40 decreases cytokine
levels in a way that resembles a dose–re-
sponse shape (Figures 2D–F). This also
was observed in the hippocampal activ-
ity of MPO as a neutrophil accumulation
marker (Figure 2G).

Anti-CD40 Treatment Decreases
Markers of Brain Injury after Sepsis

After sepsis, brain inflammation
could induce oxidative and nitrosative
stress as well as cause dysfunction of
the BBB. Hippocampal levels of nitrite
and TBARS were increased 24 h after
CLP (Figures 3A, B). Treatment with
anti-CD40 was able to consistently de-
crease hippocampal levels of nitrite in
all studied doses (see Figure 3A). Addi-
tionally, the high anti-CD40 dose was
able to decrease hippocampal levels of
TBARS (see Figure 3B). Dysfunction of
the BBB also occurs in the CLP model 
24 h after surgery as described previ-
ously (28) and improvement was seen
with anti-CD40 treatment at 10 and 
100 μg/kg (Figure 3C).

Anti-CD40 Treatment Does Not
Improve Mortality after Sepsis

Since brain dysfunction in the clinical
setting is associated with higher mortal-
ity rates, we aimed to determine if the
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Figure 1. (A) Western blotting analysis on activated microglial culture with LPS and treated with
antiCD40 and CD40L. (B) Expression CD40 and CD40L for Western blotting 24 h in the hippo -
campus of rats submitted for sham and CLP or CLP and CLP plus minocycline. Levels of CD40
and CD40L (C) 12 h (D) 24 h and (E) 48 h by Western blotting. Data are expressed as protein
levels/β-actin. For five independent experiments performed in duplicate (mean ± SD). Repre-
sentative bands. *Different from sham (p < 0.05); #different from CLP plus control (p < 0.05).



protective effects of anti-CD40 on brain
inflammation were able to improve mor-
tality as an adjunctive treatment to an-
tibiotics and fluid administration. De-
spite this, anti-CD40 at the higher dose
(100 μg/kg) was not able to improve
mortality in this model (Figure 4).

Anti-CD40 Treatment Improves Long-
term Cognitive Impairment in Sepsis
Survivor Animals

Another clinically relevant outcome
after brain dysfunction is long-term cog-
nitive impairment. We consistently
demonstrated that survivors from this

model had several different cognitive
deficits 10 d after CLP (29). Thus, it was
determined that anti-CD40 was able to
improve long-term cognitive impair-
ment. Animals subjected to sepsis pre-
sented with impairment in both open-
field and inhibitory avoidance tasks 
(Figures 5A, B). Anti-CD40 treatment
(100 μg/kg) improved both aversive and
nonaversive memory deficits induced by
sepsis (see Figures 5A, B).

DISCUSSION
We have demonstrated that microglia

activation is followed by upregulation of

CD40 and secretion of CD40L.This seems
to be of importance in the development
of brain inflammation associated with
sepsis. However, anti-CD40 treatment
does not improve mortality, but im-
proves long-term cognitive impairment
observed in sepsis survivors in this
model.

The CD40–CD40L pathway seems to
be involved in inflammatory responses
implicated in the pathophysiology and
progression of various autoimmune and
inflammatory disorders (30–33). When
microglial cells are exposed to proinflam-
matory mediators, the expression of
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Figure 2. Cytokine levels (A) TNF-α, (B) IL-1β and (C) IL-6 in microglial culture activated with LPS and treated or not treated with anti-CD40; cy-
tokines (D) TNFα, (E) IL-1β and (F) IL-6 in the hippocampus of rats submitted to sepsis by CLP treated or not with anti-CD40 (1, 10 or 100 μg/kg)
and MPO activity in the hippocampus of rats submitted to sepsis by CLP treated or not treated with anti-CD40 (1, 10 or 100 μg/kg). Data are
expressed as pg/mg protein and nmol/mg protein, for independent experiments performed in duplicate (mean ± SD). *Different from sham
(p < 0.05); #different from CLP plus saline (p < 0.05); &different from CLP plus anti-CD401 μg/kg (p < 0.05).



CD40 is rapidly upregulated (11,34,35).
LPS is a strong inducer of CD40 expres-
sion in microglia, possibly by the en-
dogenous production of interferon-beta,
which contributes to CD40 expression by
the activation of STAT-1 (36). Addition-
ally, patients with severe sepsis have
higher circulating levels of soluble
CD40L than healthy controls, and these
levels are associated with the outcome
(37). Thus, there is a biological plausibil-
ity that CD40 and its ligand could be up-
regulated in the brain of animals submit-

ted to sepsis, as we have demonstrated
here. To date, there is no evidence to sug-
gest that sepsis could activate the
CD40–CD40L pathway in the brain dur-
ing sepsis development.

Activated microglia are known for
playing a key role in mediating inflam-
matory processes associated with vari-
ous central nervous system disorders
(38,39). Activated microglia release
compounds such as glutamate, free
radicals, proteases, cytokines,
leukotrienes and nitric oxide (NO) that

could contribute to brain dysfunction
(31,40). This can be further aggravated
by the dysfunction of the BBB that is
implicated in the pathogenesis of SAE
(41). Microglia activation is an early
event after systemic LPS injection (42),
and can be maintained for longer peri-
ods of time after sepsis induction (43).
We had previously demonstrated that
microglial inhibition by minocycline
was able to decrease brain inflamma-
tion and improve long-term cognitive
dysfunction after sepsis (20). In this
model, we demonstrated that a major
player in microglia activation after sep-
sis is the activation of CD40–CD40L
pathway. Furthermore, the inhibition of
CD40–CD40L is able to decrease brain
inflammation and oxidative damage as
well as BBB dysfunction. Thus, all
these alterations seem to be relevant to
the development of SAE (44). Despite
the positive results related to anti-
CD40 treatment on brain inflammation,
this was not associated with higher
survivor rates.

Since the control of brain inflamma-
tion was not able to improve mortality
in our model, we aimed to determine if
anti-CD40 treatment could improve
long-term brain dysfunction in sepsis
survivors. We had demonstrated previ-
ously that the control of acute inflam-
mation was associated with improved
long-term outcome in the CLP model of
sepsis (45–47). Here we demonstrated
that the downregulation of CD40 sig-
naling was able to improve long-term
cognitive function in sepsis survivor
rats. In neurodegenerative disorders
such as Alzheimer’s disease, microglial
activation occurs leading to an increase
in CD40 signaling pathway (10,11,34).
It was demonstrated that activation of
the CD40–CD40L pathway modulates
amyloid β-induced innate immune re-
sponses in microglia, including de-
creased microglia phagocytosis of ex-
ogenous amyloid β 1-42 (48). These
data provide a mechanistic explanation
for our previous work showing that
long-term cognitive impairment is as-
sociated with increased brain content
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Figure 3. Nitrate concentration (A) thiobarbituric acid reactive substances (TBARS) (B)
and permeability of blood brain barrier (BBB) (C) in the hippocampus of rats submitted to
sepsis by CLP treated or not treated with anti-CD40 (1, 10 or 100 μg/kg). Data are ex-
pressed as nmol/mg protein and ng/mL, for independent experiments performed in dupli-
cate (mean ± SD). *Different from sham (p < 0.05); #different from CLP plus saline (p <
0.05); &different from CLP plus anti-CD401 μg/kg (p < 0.05).



of amyloid-β and decreased levels of
synaptophysin (49).

CONCLUSION
There is a major involvement of the

CD40–CD40L signaling pathway in
brain dysfunction in an animal model
of sepsis. By blocking its activation, it
is possible to decrease brain inflamma-
tion and oxidative damage, as well as
long-term cognitive impairment.
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