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Abstract
Sepsis-associated encephalopathy is highly prevalent and has impact both in early and late morbidity and mortality. The
mechanisms by which sepsis induces brain dysfunction include neuroinflammation, disrupted blood–brain barrier, oxidative
stress, and microglial activation, but the cellular and molecular mechanisms involved in these events are not completely under-
stood. Our objective was to determine the effects of microglial depletion in the early systemic and brain inflammatory response
and its impact in phenotypes expression in an animal model of sepsis. Animals were subjected to CLP, and depletion ofmicroglial
cells was accomplished by administration of (Lipo)-encapsulated clodronate and microglial repopulation by doxycycline. Clod-
lip treatment was effective in decreasing microglia density in the hippocampus of animals. Pro-inflammatory cytokines were
increased in the CLP+PBS, and liposomes administration increased even further these cytokines mainly 7 days, suggesting that
microglial depletion exacerbates both local and systemic inflammation. In contrast, repopulation with doxycycline was able to
revert the cytokine levels in both serum and cerebral structures on day 7 and 14 after repopulation. There were no differences in
the correlation betweenM1 andM2markers by real-time PCR, but immunohistochemistry showed significant increase in CD11b
expression in CLP+PBSwith greater expression in CLP + liposomes in the hippocampus. These results suggest that the depletion
of microglia during severe sepsis development could be associated with early exacerbation of brain and systemic inflammation
and repopulation is able to revert this condition, once a rapid neurological recovery is noticed until 7 days after sepsis.
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Introduction

Sepsis-associated encephalopathy is highly prevalent and has
impact both in early and late morbidity and mortality [1–3].

The mechanisms by which sepsis induces brain dysfunction
probably include vascular injuries, neuroinflammation,
disrupted blood–brain barrier, oxidative stress, and microglial
activation, but the cellular and molecular mechanisms in-
volved in these events are not completely understood [4]. In
this context, it is postulated that the modulation of microglia
function could be an opportunity to decrease sepsis-associated
morbidity and mortality [5–7].

Studies have demonstrated that microglia have a number of
physiological, noninflammatory functions that are crucial for
central nervous system (CNS) functioning in the adult brain
[8]. When activated, they have been traditionally considered
injurious to the brain due to production of inflammatory me-
diators, reactive oxygen molecules (ROS), and other toxic
molecules [9, 10]. As intrinsic immune effector cells of the
brain, microglia are potent mediators of cerebral inflammation
in a variety of disease states [11–13].

However, microglia activation seems not to be a monot-
onous state; rather, recent studies characterized microglia
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in specific contexts which reveal discrete patterns in dif-
ferent conditions [14]. A simplistic view of these pheno-
types fits microglia activation into a bimodal scheme,
borrowed from earlier studies of macrophage phenotypes,
the classic M1-like (proinflammatory) or alternative M2-
like (anti-inflammatory) states [14]. Despite being
oversimplified, this classification remains useful for un-
derstanding the function of microglia in various brain
diseases [15].

In this context, ablation of microglia in transgenic mice
in stroke models showed detrimental effects [16], and ad-
ministration of exogenous microglia had neuroprotective
effects after ischemia [17]. These effects are possibly
linked to the production of neurotrophic factors by activat-
ed microglia [18]. Actually, microglia may have a dual role
after CNS disease, either injurious [19] or beneficial [16],
and these differences are at least in part secondary to the
fact that microglia phenotypes are heterogeneous, produc-
ing distinct effects in different conditions or time points
[20–24]. Thus, the type of stimulus and the local microen-
vironment (infectious, inflammatory, or anti-inflammatory)
critically affect microglial phenotypes during disease de-
velopment [16, 25, 26].

Furthermore, during systemic inflammation, the brain is
affected in so many different ways [27, 28], including mi-
croglia activation [29, 30]. Inhibition of microglia activa-
tion prevented brain inflammation in an animal model of
sepsis [27, 31], but whether microglia activation would
impact on the control of systemic inflammation is not well
known. There are evidences of a cross-talk between the
brain and different systemic compartments [32–35], and
some glial-derived responses seem to interfere in the sys-
temic response after sepsis [36].

Therefore, since microglia has different roles controlling
the brain, and probably, systemic inflammation, our objective
was to determine the effects of microglial depletion and sub-
sequent repopulation early during systemic and brain inflam-
matory response and its impact on late cognitive dysfunction
in an animal model of severe sepsis.

Methods

Ethics

All experimental procedures were performed in accordance
with the National Institute of Health, Guide for the Care
and Use of Laboratory Animals (NRC80) and the Brazilian
Society for Neuroscience and Behavior recommendations
for animal care. The experimental animals were approved
by the Institutional Animal Care and Use Committee of the
Universidade do Extremo Sul Catarinense. Protocol num-
bers: 070/2016-2; 034/2018-1.

Sepsis Induction—Cecal Ligation and Perforation
Model

Rats were subjected to cecal ligation and perforation (CLP) as
previously described [37]. Briefly, animals were anesthetized
using a mixture of ketamine (80 mg/kg) and xylazine
(10 mg/kg), given intraperitoneally. Under aseptic conditions,
a 3-cm midline laparotomy was performed to expose the ce-
cum and adjoining intestine. The cecumwas ligated with a 3.0
silk suture at its base, below the ileocecal valve, and was
perforated once with a 14-gauge needle. The cecum was then
squeezed gently to extrude a small amount of feces through
the perforation site. The cecum was then returned to the peri-
toneal cavity, and the laparotomy was closed with 4.0 silk
sutures. Animals were resuscitated with regular saline
(50 mL/kg) subcutaneously (s.c.) immediately after and 12 h
after CLP. All animals received antibiotics (ceftriaxone at
30 mg/kg) every 12 h s.c. for 3 days. To minimize variability
between different experiments, the CLP procedure was always
performed by the same investigator.

Microglia Depletion and Repopulation

Depletion of microglial cells was accomplished by i.c.v. ad-
ministration of clodronate-liposomes (Clod-lip) (25 μg/rat)
[38] immediately after sepsis induction. Liposomes-free of
clodronate (PBS-lip) served as control. In general, Clod-lip
treatment induced at least 85% reduction in microglial density
[38]. To induce repopulation, doxycycline (D3447 - Sigma-
Aldrich) was provided in deionized drinking water at 2 mg/ml
with 5% sucrose by 14 consecutive days.

Animals were divided into four groups: (1) sham, (2) CLP,
(3) CLP + liposomes, and (4) CLP + liposomes + doxycycline
and were killed at 24 h, 7 days, and 14 days after sepsis. Serum
and hippocampus were collected for subsequent analysis. Since
repopulation using doxycycline is not effective at short periods
after treatment [39], this group lacks the 24-h time point.

Perfusion Fixation of Tissue for Histology

Animals (five per group) were anesthetized with ketamine
and xylazine (30 and 10 mg/kg i.p). Once the animal was
unresponsive to toe pinch response, it was placed on the
operating table with its back down. A scalpel was used to
make an incision through the abdomen at the length of the
diaphragm, followed by a cut of the rib cage up to the
collarbone in both side of the ribs providing a clear view
of the heart. A small incision was made in the posterior
end of the left ventricle, and an olive-tipped perfusion
needle was inserted through the ventricle to extend
straight up about 5 mm. An incision to the rat right atrium
was made to create an outlet for free flow of the solution.
A hemostat was used to stabilize the needle and to clamp
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the descendent aorta to optimize perfusion in the CNS.
Five animals per group were perfused with 0.9% sterile
saline during 10 min (flow rate 20 mL/min) followed by
10 min with paraformaldehyde (PFA) solution 4% in PBS
(pH 7.4) (flow rate 20 mL/min). The brains were then
carefully extracted and maintained in PFA 4% for 24 h
at 4 °C, then placed in sucrose 15% for 24 h at 4 °C, and
placed in sucrose 30% for 24 h at 4 °C.

Immunohistochemistry

Immunohistochemistry was performed to determine
microglial density, as a marker of the effectiveness of Clod-
lip treatment, and to explore markers ofM1 andM2microglia.

Briefly, 40-μm sections from the hippocampus were
incubated in 0.5% hydrogen peroxide in 0.1 M PBS (pH
7.4) containing 0.3% Triton X-100 (PBST) for 30 min at
room temperature to block endogenous peroxidase activi-
ty. After washing with PBST, sections were incubated for
30 min with PBST containing 2% bovine serum albumin
to block non-specific protein binding. Sections were then
incubated overnight at 4 °C with a rabbit monoclonal IgG
antibody against IBA-1 (1:400 dilution) or a rabbit mono-
clonal IgG antibody against CD11-b (1:4000 dilution) or
rabbit polyclonal antibody against IL-10 (1:200 dilution,
Abcam, Cambridge, MA). After washing with PBST, sec-
tions were incubated at room temperature for 1 h with
biotinylated anti-rabbit IgG (1:100 dilution; Abcam).
Sections were incubated with 3,3′-diaminobenzidine

(DAB) (Spring Bioscience). Sixteen random images per
brain section were acquired at × 4 and × 20 magnification,
and immunopositive area was expressed as IBA-1+/total
number of cells. Only immunopositive cells with morpho-
logic characteristics of microglia were counted. Positive
control was used in all groups, according to the data sheet
of antibody. The × 4 magnification images show the hip-
pocampus as a whole. The increase × 20 provides a more
detailed expansion of the CA3 region and/or dentate gy-
rus. These are the regions of the hippocampus with more
microglial density [40, 41].

Inflammatory Markers

Concentrations of TNF-α, IL-1β, IL-6, IL-10, and CCL-2 in
the hippocampus and serum were determined by ELISA on
microplate reader using commercial kits (R&D Systems).

Statistics

Data collected were compared by the two-way ANOVA and
expressed as mean ± standard deviation. Correlations were
performed by the Pearson test. All analyses were performed
with SPSS version 20 and/or GraphPad Prism 4.0. In all com-
parisons, p < 0.05 indicated statistical significance.
Immunopositive cells were quantified by cells IBA-1+/total
number of cells and expressed as percentage of sham.

Fig. 1 Microglia density in hippocampus of septic animals treated with
Clod-lip PBS. Sepsis was induced by cecal ligation and perforation (CLP)
and animals were immediately after injected with clodronate-liposomes
(CLP + liposomes) or liposomes free of clodronate (CLP + PBS).
Twenty-four hours after treatment, animals were killed and the
hippocampus were collected to the determination of IBA-1-positive

cells by immunohistochemistry. Immunopositive cells appeared in
brown. a Representative image of CLP + PBS animals. b
Representative image of CLP + liposomes animals. c Iba-1-positive
cells were expressed as arbitrary units by ImageJ software. n = 5 each
group. Original magnifications × 40
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Results

Despite previously demonstrated in the literature that
Clod-lip was effective to deplete microglia cells
(Faustino et al. [38]), in Fig. 1, it was shown a represen-
tative image of Clod-lip treated septic rat. Both the qual-
itative (Fig. 1a, b) and the quantitative analyses (Fig. 1c)
demonstrated that Clod-lip treatment was effective in de-
creasing microglia density in the hippocampus of septic
animals in 24 h after i.c.v. treatment.

Figure 2 shows markers of inflammation (TNF-α (a, b),
IL1β (c, d), IL-6 (e, f)) in the serum and hippocampus after
sepsis induction, microglial depletion, and repopulation with
doxycycline. Pro-inflammatory cytokines (TNF-α (a, b), IL-6

(e, f)), were increased in the CLP group, and liposome admin-
istration increased even further these cytokines mainly 7 days,
suggesting that microglial depletion exacerbates both local
and systemic inflammation. IL-1β levels (c, d) increased
7 days after sepsis in the CLP + liposomes group. In contrast,
repopulation with doxycycline was able to revert the cytokine
levels in both the serum and cerebral structures on days 7 and
14 after repopulation.

Anti-inflammatory cytokines (IL-10 (a, b), CCL-2 (c,
d)) were analyzed (Fig. 3). There were no differences in
IL-10 levels in the hippocampus. It was only observed a
decrease in serum IL-10 levels at day 14. This was
reverted by doxycycline treatment. CCL-2 was increased
after sepsis, mainly at 24 h, but in doxycycline-treated

Fig. 2 Effects of microglia depletion and subsequent repopulation on
local and systemic inflammation after sepsis induction. Sepsis was
induced by cecal ligation and perforation and animals were immediately
after treated with clodronate-liposomes (CLP + liposomes) or liposomes
free (CLP + PBS). Other group received doxycycline (CLP + liposomes +

doxycycline). Markers of inflammation (TNF-α (a, b), IL1β (c, d), IL-6
(e, f)) were measured in serum and hippocampus 24 h, 7 days and
14 days. n = 5 each group. Asterisk indicates statistically different of
sham. Number sign indicates different of CLP + PBS. Dollar sign
indicates different of CLP + liposomes
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animals, it was not observed any significant modification
in its levels.

Since different microglia phenotypes could account to dif-
ferent brain responses, markers of M1 and M2 phenotypes
were determined by immunohistochemistry. When analyzing
the expression of IL-10 (Fig. 4a), there was no significant
differences at 24 h between groups. At 7 days, there was a
significant decrease in IL-10 hippocampus expression that
was maintained up to 14 days. Repopulation by doxycycline
increased IL-10-positive cells at 7 days, returning to basal
levels 14 days after sepsis induction. The M1 marker CD11b
(Fig. 4b) was significantly increased as early as 24 h both in
the CLP and CLP + liposomes group. In 7 days, CD11b ex-
pression remains in the CLP + PBS and CLP + liposomes
group and the repopulation with doxycycline is able to de-
crease the expression of this marker until 14 days after.

Discussion

Here it was demonstrated that microglia depletion exacer-
bated brain and systemic inflammation and that microglia
repopulation with doxycycline prevents inflammation in a
rodent sepsis model.

Microglia function is essential to brain homeostasis [8];
thus, it is plausible to suppose that microglia depletion
impacts both locally (the brain) and systemically during
the development of sepsis. The control of systemic re-
sponses by the brain and mainly during brain damage is

a complex phenomenon. For example, it is well known
that the impairment of immune responses after brain is-
chemia increases the susceptibility to infections [42, 43].
It has been proposed that during brain injury, the periph-
eral immune system became hypofunctional [44] mainly
due to the influence of the hypothalamic–pituitary–adre-
nal (HPA) axis and the sympathetic and the parasympa-
thetic nervous system [45]. It was recently shown that
these pathways induced atrophy of the spleen and down-
regulated natural killer cells [35]. On the other hand, the
systemic inflammatory response is induced after both
stroke and subarachnoid hemorrhage, and the intensity
of this response is positively associated with the extent
of tissue damage and disease severity [46–48]. Whether
these processes are relevant to the development of sepsis
is not known. Here, it was demonstrated that the depletion
of microglia increased the systemic and local inflammato-
ry response that accompanies sepsis.

Recently, it was demonstrated that microglia inhibition by
minocycline during the early development of sepsis decreased
brain inflammation [27]. However, it was here demonstrated
the microglia depletion worsen brain inflammation and prob-
ably brain dysfunction, but this was not a completely unex-
pected finding. Evidences suggest that depletion of microglia
augment the production of inflammatorymediators, mainly by
an increased brain leukocyte infiltration [49–51].
Additionally, microglial depletion induced worsening of brain
damage also by increased production of inflammatory medi-
ators by astrocytes [52]. On the other hand, Jantzie et al. [53]

Fig. 3 Anti-inflammatories cytokines after microglial depletion and
repopulation in septic animals. Sepsis was induced by cecal ligation and
perforation, and animals were immediately after treated with clodronate-
liposomes (CLP + liposomes) or liposomes free (CLP + PBS). One group
received doxycycline (CLP + liposomes + doxycycline). Anti-

inflammatory cytokines were measured (IL-10 (a, b) and CCL-2 (c, d))
in the serum and hippocampus in 24 h, 7 days, and 14 days. n = 5 each
group. Asterisk indicates statistically different of sham. Number sign
indicates different of CLP+PBS. Dollar sign indicates different of CLP
+ liposomes
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found that doxycycline significantly inhibits neuroinflamma-
tion in the frontal cortex, striatum, and hippocampus and de-
creases IL-1β and TNF-α. There are some reports in the

literature suggesting that a decrease brain inflammation is as-
sociated with better functional outcomes in sepsis survivor
animals [54, 55].

IL-10 (A)

CD11b (B)
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Lazzarini et al. [56] and Santa-Cecilia et al. [57] showed
the neuroprotective effect of doxycycline in Parkinson’s dis-
ease. These authors suggest that doxycycline decreased the
neurotoxicity and protects substantia nigra dopaminergic neu-
rons in an animal model of Parkinson’s disease. This effect
was associated with a reduction of microglial cell activation,
which suggests that doxycycline may operate primarily as an
anti-inflammatory drug [56, 57]. In these studies, doxycycline
attenuated the expression of key activation markers in LPS-
treated microglial cultures. More specifically, doxycycline
treatment decreased the expression of IBA-1 as well as the
production of ROS, NO, and proinflammatory cytokines
[56, 57]. Santa-Cecilia and colleagues indicate that the effect
of doxycycline on LPS-induced microglial activation proba-
bly occurs via the modulation of p38 MAP kinase and NF-kB
signaling pathways [57]. Repopulation resolves many aspects
of chronic neuroinflammation, including microglial morphol-
ogy and expression of reactive markers, as well as inflamma-
tory transcripts. Elimination and subsequent repopulation ap-
pear to increase synaptic surrogates, such as dendritic spines
and synaptophysin and PSD95 puncta numbers. Finally, and
most importantly, microglial repopulation results in an almost
complete reversal of behavioral impairment, suggesting that
repopulation promotes an environment for recovery [58].

Faustino et al. [38] have observed low rate of phagocytosis
in the absence of microglia, which further contributes to neu-
ronal damage, thus demonstrating the protective role of mi-
croglia against neuroinflammation. Taking together these re-
sults suggests that microglia take a complex role in the control
of acute brain inflammation both during primary and second-
ary brain injury. Generally, microglia depletion enhances local
inflammation and increases injury severity, suggesting that
microglia contribute to endogenous protection early after in-
jury. On the other hand, inhibition of microglia activation,
mainly by minocycline, generally attenuated brain inflamma-
tion and brain dysfunction [27, 59–61].

The depletion of microglial cells could have a major impact
on the expression of microglia phenotypes. When analyzed
IL-10 (M2 marker) and CD11b (M1 marker) expression by
immunohistochemistry, there was a notable increase in the
expression of CD11b soon after sepsis and rapid return to

basal levels in the doxycycline group. Even in this context,
microglia could have both positive and negative effects on
brain function. Microglial activation has been linked to de-
layed neuronal death, presumably via releasing neurotoxic
substances [62]. Wang et al. [36] recently showed that
liposomes-clodronate depleted microglia but does not alter
the number of neurons and astrocytes. Additionally, this effect
was not selective between resting and activated microglia.
Microglia activation could also contribute to microglial-
mediated synaptic injury which could mediate cognitive def-
icits even in the absence of overt neuronal death [63].

On the other hand, microglia could also have beneficial
effects, contributing to delayed repair after injury via elabora-
tion of growth factors [64, 65]. Thus, manipulating microglia
to improve brain inflammation and outcomes both in primary
and secondary brain injuries requires a complex approach.
The effect of microglia manipulation could depend on the
severity of the insult, the timing of microglia modulation,
the approach used to modulate microglia function, and prob-
ably several others unknown factors that could affect the final
effect of microglia manipulation. Despite this, some clinical
trials are ongoing using minocycline for different disease
states [66–68].

In conclusion, these results suggest that the depletion of
microglia during severe sepsis development could be associ-
ated with early exacerbation of brain and systemic inflamma-
tion. Microglial repopulation is able to revert this condition
decreasing proinflammatory cytokines and CD11b expression
in the brain.

Our results show some limitations. First, we did not show
in this study the effect of doxycycline in microglial repopula-
tion of the brain; however, both Rice et al. [39, 58] and Elmore
et al. [69] demonstrated an increase in microglial density in
animals receiving doxycycline treatment as soon as 3 days
after doxycycline, and at day 7, there was a major proportion
of repopulation that peaked at day 14. Another important point
is that it is not usual to use IL-10 as a M2 marker in immuno-
histochemistry due to the secretive nature of IL-10. However,
IL-10 was reported as a surface protein in macrophages [70,
71] as well as in glial cells mainly after brain insults [72].
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