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A B S T R A C T

Although studies have suggested an association between lung infections and increased risk of neuronal disorders
(e.g., dementia, cognitive impairment, and depressive and anxious behaviors), its mechanisms remain unclear.
Thus, an experimental mice model of pulmonary sepsis was developed to investigate the relationship between
lung and brain inflammation. Male Swiss mice were randomly assigned to either pneumosepsis or control groups.
Pneumosepsis was induced by intratracheal instillation of Klebsiella pneumoniae, while the control group received
a buffer solution. The model’s validation included assessing systemic markers, as well as tissue vascular
permeability. Depression- and anxiety-like behaviors and cognitive function were assessed for 30 days in sepsis
survivor mice, inflammatory profiles, including cytokine levels (lungs, hippocampus, and prefrontal cortex) and
microglial activation (hippocampus), were examined. Pulmonary sepsis damaged distal organs, caused periph-
eral inflammation, and increased vascular permeability in the lung and brain, impairing the blood-brain barrier
and resulting in bacterial dissemination. After sepsis induction, we observed an increase in myeloperoxidase
activity in the lungs (up to seven days) and prefrontal cortex (up to 24 h), proinflammatory cytokines in the
hippocampus and prefrontal cortex, and percentage of areas with cells positive for ionized calcium-binding
adaptor molecule 1 (IBA-1) in the hippocampus. Also, depression- and anxiety-like behaviors and changes in
short-term memory were observed even 30 days after sepsis induction, suggesting a crosstalk between inflam-
matory responses of lungs and brain.

1. Introduction

Sepsis is a life-threatening organ dysfunction caused by a dysregu-
lated response to infection (Mervyn et al., 2016; Seymour et al., 2016; M.
Singer et al., 2016; Gül et al., 2017; Evans et al., 2021). Also, it is a
heterogeneous condition, and patients present organ dysfunctions with
variable mortality in short-term hospitalization (Adhikari et al., 2010).

About 48.9 million cases of sepsis per year are estimated worldwide,

accounting for 11 million annual deaths (about 19.7% of all deaths)
(Rudd et al., 2020). Although short-term mortality and incidence have
decreased, sepsis still contributes to considerable morbidity and mor-
tality after hospital discharge (Wilhelms et al., 2010; Fleischmann et al.,
2016).

Sepsis survivors may present worsening of previous chronic condi-
tions and increased risk of functional and cognitive impairment and
neuropsychiatric disorders (Iwashyna et al., 2010; Prescott and Angus,
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2018). Thus, neurological disorders (e.g., encephalopathy, depression,
anxiety, and cognitive disorders) are frequently reported in sepsis sur-
vivors (Hosokawa et al., 2014; Sharshar et al., 2014; Tsuruta and Oda,
2016). Also, sepsis can change consciousness, including mental confu-
sion, torpor, and coma. For example, patients with sepsis-associated
encephalopathy may develop mild delirium or even coma (Gofton and
Young, 2012; Tsuruta and Oda, 2016). Sepsis-associated encephalopa-
thy is also associated with an impaired prognosis and greater mortality
(Russell et al., 2000; Schuler et al., 2018).

Central nervous system (CNS) dysfunction may occur during and
after sepsis due to a systemic inflammatory response (Sonneville et al.,
2013; Riel et al., 2015; Van der Poll et al., 2017; Denstaedt et al., 2020).
Also, cytokine storm, chemokines release, and activation of peripheral
immune cells may worsen brain damage (Van der Poll et al., 2017). The
crosstalk between peripheral and central inflammation may lead to
brain dysfunction and neurodegeneration; however, its mechanism is
unclear (Salluh et al., 2010; Xin et al., 2023).

Although some studies have reported an association between lung
infection and an increased risk of dementia, cognitive impairment, and
differences in brain structures (Russ et al., 2020; Wang et al., 2022), its

mechanisms need to be further investigated.
In this sense, this study aimed to investigate the relationship between

lung inflammation, behavioral status, and cognitive function for up to
30 days in a model of pulmonary sepsis in mice. The hippocampal and
prefrontal cortex inflammation and microglial activation were also
assessed.

2. Methods

2.1. Animals and ethics statement

Male Swiss mice (n = 298) aged between six and eight weeks and
weighing from 30 to 40 g were obtained from the animal facility of the
Federal University of Santa Catarina (UFSC; Florianópolis, SC, Brazil).
Three to five mice were placed in each cage under controlled conditions,
with food and water ad libitum. In all experiments mice were randomly
allocated to the control (i.e., false-inoculated) or sepsis group. Both
groups were analyzed after 24–48h, 7, 14, and 30 days of sepsis in-
duction. All procedures were approved by the research ethics committee
of the UFSC (no. 8919250219) and followed the Animal Research:
Reporting In Vivo Experiment (ARRIVE) guidelines (Kilkenny et al.,
2010; Percie du Sert et al., 2020).

2.2. Experimental protocol

Four experimental protocols were sequentially performed (Fig. 1)
and Table 1 (supplementary material). The experiment I (n = 30) esti-
mated the exact amount of colony-forming unit (CFU) of Klebsiella
pneumoniae using two concentrations based on previous studies (Sordi
et al., 2013; Probst et al., 2019; Sumar et al., 2021). The concentrations
of 3.6 x 109 and 5.9 × 109 CFU per mouse were tested. Mice were
assessed every 24 h for ten days.

Experiment II (total n = 76) quantified bacterial dissemination in
blood and brain after 24, 48, and 72 h and seven days of sepsis induction
(n = 40). Urea and creatinine were also quantified in urine after 24 h to
identify damage in distal organs (n = 16). Experiment II also included
the analysis of a survival curve, clinical score, body weight (with water
and food intake), and animal well-being 30 days after sepsis induction
(n = 20).

Behavior tests were performed in experiment III (total n = 144) after
48 h and 7, 14, and 30 days of sepsis induction. Mice from different
sepsis and control subgroups (four subgroups of 20 mice [n = 80]) were
used to avoid habituation and possible bias. Proinflammatory cytokines
levels, vascular and blood-brain barrier (BBB) permeability and

Fig. 1. Experimental protocols. Experiments I, II, III and IV. CFU: Colony
Forming Units, MPO: myeloperoxidase, OPT: open field test, OR: object
recognition, EPMT: elevated plus maze test, ST: sucrose test, TSC: tail suspen-
sion test. Source: Scheme planning of the figure of authorship, and illustration
made using Mind the Graph, 2021.

Table 1
Experimental protocols.

Experimental
duration

Experimental description Number of
animals

Experiment I
10 days

A. Estimated the amount of colony-forming
unit (CFU) of Klebsiella pneumoniae

n = 30

Experiment II
30 days

A. Quantified bacterial dissemination in blood
and brain

n = 40

B. Urea and creatinine measurements n = 16
C. Survival curve, clinical score, body weight
(water and food intake) and animal well-
being

n = 20

Experiment III
30 days

A. Behavioral assessments
Group 1 n = 20
Group 2 n = 20
Group 3 n = 20
Group 4 n = 20
B. Proinflammatory cytokines levels, vascular
and blood-brain barrier (BBB) permeability,
myeloperoxidase (MPO) activity in the lungs
and brain

n = 64

Experiment IV
30 days

A. Microglial activation in the hippocampus
using immunohistochemical analysis

n = 48
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myeloperoxidase (MPO) activity in the lungs and brain were also
assessed (four subgroups of 16 mice [n = 64]).

Experiment IV (n = 48) assessed microglial activation in the hippo-
campus using immunohistochemical analysis after 24 h and 7, 14, and
30 days of sepsis induction (n = 12 for each period). The experimental
protocols are described in Table 1.

2.3. Model of pneumonia-induced sepsis (pulmonary sepsis)

Klebsiella pneumoniae (ATCC 700603; American Type Culture
Collection, Rockville, USA) was inoculated in mice to induce pulmonary
sepsis. Bacterial cultivation, pathogenicity, and quantification were
previously described by Sordi et al. (2013). The concentration of 5.9 x
109 was selected for the subsequent experiments to represent sepsis in
clinical reality, in which the mortality rate is between 40% and 65%
(Rudd et al., 2020). Also, sepsis severity and systemic inflammation are
associated with the inoculated concentration (Sordi et al., 2013; Gon-
çalves et al., 2017).

Mice were intraperitoneally anesthetized with ketamine and xyla-
zine (0.04 and 0.1 mL/kg, respectively) and placed in a supine position
of 45◦. A vertical incision (5 mm) on the neck was performed under
aseptic conditions, and 50 μL of bacterial suspension (sepsis group) or
sterile phosphate-buffered saline (PBS; control group) was intra-
tracheally injected using a sterile 30-gauge needle. After skin suture,
mice received 30 mL/kg of sterile warm PBS subcutaneously for volume
replacement (supplementary material). Mice were maintained at 37 ◦C
in cages until anesthesia recovery and then housed in a temperature- and
light-controlled room (22 ± 1 ◦C; 12 h light-dark cycle) with water and
food ad libitum.

2.4. Assessment of body weight and food and water intake

Body weight and food and water intake were assessed for 30 days
(every two days) using a digital scale (CK 1253, TM®, USA). The average
food and water intake was calculated for each mouse, considering three
to five mice per cage.

2.5. Clinical score

The sepsis morbidity was assessed for 30 days using a clinically
adapted score (Machado et al., 2010; Gonçalves et al., 2017; Sumar
et al., 2021). Further details are described in Table 2 (Supplementary
Material).

2.6. Behavioral assessments

Behavioral tests were assessed after 48 h and 7, 14, 30 days of sepsis
induction. All tests were performed during the daylight (9 a.m.–4 p.m.),
at 23 ◦C, with humidity between 40% and 60%, and low-light intensity
(12 lux). All apparatus were cleaned with 10% ethanol between tests.
The tests were recorded (Logitech® camera) and evaluated by an eval-
uator blinded.

2.6.1. Open field test (OFT)
The OFT was used to assess locomotor and exploratory activities and

anxiety-like behavior, such as thigmotaxis (i.e., tendency to remain close
to walls) (Simon et al., 1994). In this test, mice were placed in the center
of a square apparatus (40 cm wide, 60 cm deep, and 50 cm high) to
explore the environment for 5 min. A camera was positioned at the top
of the apparatus, and the evaluator left the room during the test. The
total number of crossings, time (seconds) spent in the center of the
apparatus, and percentage of crosses in the center were assessed (Prut
and Belzung 2003).

2.6.2. Object recognition test (ORT)
An adapted ORT (Ennaceur et al., 1989) was used to assess

short-term memory. Mice were placed in the apparatus for 5 min (as
described in OFT) 24 h before the test (short habituation). On the test
day, mice were placed in the apparatus to explore two identical objects
(object A) for 5 min, then returned to the original cage (training phase).
After 60 min, mice were placed again in the apparatus and exposed to
one object A a new object (B) for another 5 min. Exploratory behavior
was defined as smelling or touching the object with the nose, front paws,
or both. A recognition index was calculated as (T novel × 100)/(T novel
+ T familiar), where T novel is the time spent exploring the new object
(B) and T familiar is the time spent exploring object A.

2.6.3. Elevated plus maze (EPM) test
The EPM test was used to assess anxiety-like behavior, as proposed

by Pellow et al. (1985). It evaluates the conflict between the innate fear
of open areas and the instinct to explore new environments in mice
(Rodgers and Dalvi, 1997).

The apparatus consists of a device elevated 60 cm from the floor,
with two open arms (25 cm × 5 cm) and two closed arms (25 cm × 5 cm
x 15 cm) on a central platform (5 cm × 5 cm). Mice were placed in the
center of the apparatus facing a closed arm for 5 min. The experiment
was recorded, and the number of entries in the open (OA) and closed
arms was analyzed (defined by placing four paws into the arm area). The
following formulas calculated the number of entries and time spent in
the OA: percentage of entries in the OA = number of entries in the OA/
total of entries x 100; and percentage of time in the OA = permanence
(seconds) in OA/300× 100. The number of entries in the closed armwas
used to assess locomotor activity.

2.6.4. Sucrose splash test (SST)
The SST consists of applying a 10% sucrose solution on the dorsal

face of the mice using a syringe, which makes the coat dirty and en-
courages grooming behavior. The latency (i.e., time between the sucrose
application and beginning of grooming) and duration of the grooming
were recorded for 5 min and used as an index of self-care and motiva-
tion; the lack of grooming is considered a depression-like behavior
(Isingrini et al., 2010).

2.6.5. Tail suspension test (TST)
The TST was used to assess depression-like behavior. The groups

were placed in visually isolated, noise-controlled apparatus. Each mouse
was suspended and fixed to a bench 50 cm above the floor with adhesive
tape on the tip of the tail. A camera in front of the mice recorded the test
for 6 min. The latency and duration of the immobility (seconds) were
assessed (Steru et al., 1985).

2.6.6. Nest building test
The nest building is an innate behavior in rodents (mainly for

reproduction, maintaining body temperature, and escaping predators)
and may indicate well-being (Gaskill et al., 2013). Approximately 1 h
before the dark cycle, mice were placed individually in cages with a solid
bottom and cotton tufts (four flakes of 2.5 g and 5 × 7 cm each) for nest
build. After 12 h, each cage was photographed for a proper score, and
the nest complexity was scored on a 5-point scale, as described by

Table 2
– Clinical score.

Characteristics Scores Total

Appearance 0 = straight
hair

1 = raised hair

Aspects of the
eyes

0 = normal 1 = with
secretion

Conscience 0 = alert 1 = drowsy
Breathing 0 = normal

fast
1 = slow
laborious

Activity 0 = active 1 = lethargic 2 =

moribund
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Deacon (2006). The scale is detailed in the Supplementary Material
(Table 3).

2.7. Biochemical analyses

2.7.1. Quantification of bacterial dissemination
Bacterial dissemination was quantified in the brain and blood after

24, 48, and 72 h and seven days of sepsis induction. The blood and brain
were collected, homogenized in 200 μL of PBS, and serially diluted in
decimal factors. Next, 10 μL of each dilution (both samples) were placed
onMueller-Hinton agar plates at 37 ◦C. The number of CFUwas counted,
and results were expressed as log CFU.

2.7.2. Kidney function and hematological characteristics
Kidney function was assessed by quantifying urea and creatinine

levels in urine using spectrophotometry 24 h after sepsis induction to
represent damage to organs distal to the lungs. Mice were intraperito-
neally anesthetized with ketamine and xylazine (0.04 and 0.1 mL/kg,
respectively) and retro-orbital blood samples (0.5–1 mL) were obtained
using Pasteur pipettes with the anticoagulant ethylenediaminetetra-
acetic acid (EDTA, Sigma, USA) and assessed (13 μL of each mouse)
using an automatic hematology analyzer (Mindray™, Model BC-5300
vet, China).

2.7.3. Assessment of vascular and blood-brain barrier (BBB) permeability
The vascular permeability of lungs and BBB was assessed by deter-

mining the amount of extravasated Evans blue dye. Mice were lightly
anesthetized with isoflurane and received Evans blue dye (40 mg/kg) in
the retro-orbital plexus. After 30 min, mice were intraperitoneally
anesthetized with ketamine and xylazine (0.04 and 0.1 mL/kg, respec-
tively) and perfused with saline solution (0.9%) followed by 4% para-
formaldehyde (PFA) used to clear blood and preserve brain for
immunostaining according to Wu et al. (2021). Lungs, hippocampus,
and prefrontal cortex were removed and weighed, and their pieces were
incubated in 1 mL of aqueous formamide solution for 24 h at 55 ◦C. The
optical density of the supernatant was read at 610 nm in a plate reader
(Multi-reader TECAN™, USA), and results were interpolated using
linear regression on a standard curve of Evans Blue dye. Data were
expressed as μg/mg of tissue (Radu and Chernoff, 2013; Goldim et al.,
2019).

2.7.4. MPO activity in lung and brain
Mice were intraperitoneally anesthetized with ketamine and xyla-

zine (0.04 and 0.1 mL/kg, respectively). Lungs and brains were collected
and placed in liquid nitrogen, and then tissues were transferred to PBS
(20 mM, pH 7.4). The samples were centrifuged for 10 min at 13,000 G
and 4 ◦C, and the supernatant was discarded. The pellet was resus-
pended in PBS (50 mM; pH 6.0) with hexadecyltrimethylammonium
bromide (HTAB; 0.5%, w/v), the homogenate was centrifuged, and 30
μL of supernatant was used for enzyme analysis. The enzymatic reaction
was conducted with tetramethylbenzidine (1.6 mM) and H2O2 (0.4 mM
in 80 mM of PBS, pH 5.4), and the final concentration of H2O2 in the
plate was 0.3 mM for lung and 3 mM for hippocampus and prefrontal
cortex. The absorbance was measured in a plate reader (Ultra microplate
reader EL 808, BiotTek Instruments™, USA) at 600 nm immediately
after adding the H2O2 solution (for lungs) or after 4 min (for brain), with
a final volume of 230 μL. The total protein concentration was estimated
using bicinchoninic acid (BCA, Thermo Fischer Scientific™, Rockford,
USA), and values were presented as optical density units/mg of total
protein.

2.7.5. Cytokines assessment
Mice were intraperitoneally anesthetized with ketamine and xyla-

zine (0.04 and 0.1 mL/kg, respectively). Lungs, hippocampus, and
prefrontal cortex were collected and homogenized with PBS, Tween 20
(0.05%), phenylmethylsulphonyl fluoride (PMSF; 0.1 mM), EDTA (10
mM), aprotinin (2 ng/mL), and benzethonium chloride (0.1 mM) solu-
tion. Homogenates were transferred to Eppendorf tubes and centrifuged
at 3000 rpm for 10 min at 4 ◦C, and the supernatants were stored at
− 80 ◦C until analyses. The level of tumor necrosis factor (TNF-α),
interleukin-1β (IL-1β), and IL-6 were assessed using enzyme-linked
immunosorbent assay (ELISA) according to manufacturer instructions
(R&D Systems, Minneapolis, USA; ThermoFisher Scientific, USA).
Cytokine levels were interpolated using linear regression on a standard
curve of colorimetric measurements at 450 nm (correction wavelength
540 nm) in a plate reader (multi-reader, infinite m200 TECAN, USA).
The total protein concentration (pg/mg) of the supernatant was
measured using the Bradford method (Bradford, 1976), and all results
were expressed as pg/mL of total cytokine.

Table 3
Nest building test.

1. The cotton remained untouched (>90% intact)

2. The cotton has been partially shredded (approximately 50%–90% remains intact)
3. The cotton was shredded (<50%), but the nest was not built
4. A nest is built (>90% of shredded cotton), but the construction is still flat
5. Nest formed, has “walls” that can completely cover the animal

Nest test. Nest construction assessment and score, which varies from 1 to 5.
In this experimental protocol, approximately 1 h before the start of the dark cycle, the animals were placed
individually in boxes containing a solid bottom (odorless sanitary granules) and cotton tufts (4 flakes, 2.5 g
each, measuring 5 × 7 cm) for the formation of nests (figure below). After 12 h, a photograph of each box
was taken in order to calculate the score. In this way, the assessment of nest construction was considered
over a period of 12 h, following the score (from 1 to 5) described above.
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2.7.6. Immunohistochemical study of hippocampus
Mice were anesthetized intraperitoneally with ketamine (0.04 mL/

kg) and xylazine (0.1 mL/kg), and cardiac perfusion was performed
using 0.9% saline solution and 4% PFA to remove the brain, which was
maintained in 4% PFA solution for 24–48 h (Gil-Mohapel et al., 2013;
Pazini et al., 2017). Brain tissues were extracted and labeled with an
ionized calcium-binding adapter protein-1 (IBA-1) antibody to assess the
microglial activation in the hippocampus. The histological sections were
washed three times with PBS (0.1 M) for 5 min. For antigenic recovery,
two washes were performed with citrate buffer: one at room tempera-
ture for 5 min and the second at 50 ◦C in a water bath for 30 min. After
three washes with 0.1 M PBS, sections were incubated in a peroxidase
block solution containing 0.1 M PBS and 3% H2O2 (Merck™, Darmstadt,
Germany). Next, they were washed three times with 0.1 M PBS and 0.3%
Triton-X 100 buffer (Buffer, Sigma-Aldrich, Steinheim, Germany) and
incubated in 2% bovine serum albumin solution (SigmaAldrich™,
Steinheim, Germany) at room temperature for 1 h to block nonspecific
reactions. Sections were incubated overnight with goat anti-IBA-1
antibody (Santa Cruz Biotechnology™, California, USA) at 4 ◦C. They
were washed three times with buffer and then incubated for 2 h with
rabbit anti-goat secondary antibody (1:500, Santa Cruz Biotech-
nology™, California, USA) biotinylated in a room temperature solution
under constant stirring. After three washes with TA, sections were
incubated with the avidin-biotin complex (ABC; Vector Laboratories™,

California, USA) at room temperature for 2 h under constant stirring.
Once the ABC was connected, three washes with 0.1 M PBS and two
washes with acetate buffer were performed, and a 0.025% solution of 3,
3,9-hydrochloride of diaminobenzidine (DAB; Sigma-Aldrich™, Stein-
heim, Germany) was included with an 8% nickel solution in acetate
buffer. Sections were washed once with acetate buffer and twice with
0.1 M PBS, and salinized slides were used for labeling. Slides were
covered with Permount® (Fisher Scientific™, New Jersey, USA) and
proper coverslips. Hippocampal images were obtained at 200x magni-
fication (Image J Program, USA), and immunopositive areas were
expressed as percentage of the total analyzed area. A blinded researcher
analyzed the percentage of cells positive for IBA-1 in CA1, CA2, and CA3
areas of the hippocampus.

2.8. Statistical analysis

The Shapiro-Wilk test verified data normality. The t-test analyzed the
kidney function, and the log rank (Mantel-Cox) test analyzed the sur-
vival curve. Body weight and food and water intake for 30 days were
compared using the analysis of variance (ANOVA) for repeatedmeasures
with Tukey’s post hoc test. The two-way ANOVA with Tukey’s post hoc
test was used for parametric data (behavioral tests, hematological
characteristics, vascular and BBB permeability, MPO activity, cytokine
levels, microglial activity) and Kruskal-Wallis with Dunn’s post hoc test

Fig. 2. (A): Survival curve: mice were inoculated intratracheally with 5.9 x 109 and 3.6 x 109 CFU/animal, control mice (false-inoculated) received saline (n = 10
animals/group). The results were expressed as a percentage of survival. Statistical analysis was performed using the log-rank test (Mantel Cox), *p < 0.01. The
concentration of 5.9 x 109 CFU/animal was chosen for subsequent experiments. (B,C): Time course of bacterial spread in blood and brain: Blood and brain were
collected, homogenized (brain) and diluted for growth on Mueller-Hinton agar plates. The data is expressed as log CFU, with n = 6 animals per group. Statistical
analysis was performed using the Kruskal Wallis test, followed by the Dunn post-test. ***p < 0.001, ** <0.01; (D) Clinical score: animals in the control and
pneumosepsis groups (n = 10/group) were scored on a scale ranging from 0 to 6 (indicating the best and worst clinical conditions, respectively) over a 30-day time
course. Non-parametric analysis using the Kruskal Wallis test followed by Dunn post-test was conducted (***p < 0.001); (E and F): Renal dysfunction markers:
creatinine (E) and urea (F) levels were measured 24 h after pneumosepsis in groups of 10 animals each. The results were analyzed using Student’s t-test (p < 0.001).
Values are expressed as mean ± SEM.
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for non-parametric data (bacterial dissemination, nest building test).
Results were expressed as mean ± standard error of the mean or median
and statistical significance was set at p < 0.05. All analyses and graphs
were performed using the GraphPad Prism 8.0 (GraphPad Software®,
San Diego, CA).

3. Results

3.1. Survival curve, clinical score, bacterial dissemination, hematological
characteristics, and distal organ damage in mice with pulmonary sepsis

Concentrations of 3.6x109 and 5.9 × 109 CFU resulted in mortality
rates around 20% and 60% (respectively) after ten days of inoculation
(Fig. 2A). Therefore, we selected the 5.9 × 109 CFU concentration of

Fig. 3. Temporal hematological profile after pneumosepsis induction: (n = 6 animals/group). The data were analyzed by two-way ANOVA followed by Tukey’s post-
test. Significance levels were denoted as follows: *p < 0.05; **p < 0.01; ***p < 0.001). Values are expressed as mean ± SEM.

Fig. 4. (A and B) Feed and water consumption: The control and pneumosepsis groups were evaluated over a 30-day period. Repeated measures ANOVA followed by
Tukey’s post-test was performed. (***p < 0.001), (n = 10 animals/group).(C) Body weight assessment: The control and pneumosepsis groups were evaluated over a
30-day period. Repeated ANOVA followed by Tukey’s post-test was performed (***p < 0.001), (n = 10 animals/group). (D) Nest test: scores were assigned based on
parameters for nest formation (n = 10 animals/group). (E): Representation of a nest test result at 14 days, comparing control and pneumosepsis). Statistical analysis
was performed using the Kruskal-Wallis test followed by Dunn post-test (***p < 0.001). Values are expressed as mean ± SEM.
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Fig. 5. Evaluation of behavioral parameters in the open field test: (A) Total number of crossings, (B) Time spent in the center of the apparatus (seconds), (C)
Percentage of time spent in the center; in the maze test in raised cross: (D) Number of entries into closed arms, (E) Percentage of entries into open arms, (F) Per-
centage of time spent in the open arms. Each animal is represented by an individual symbol (n = 10 animals/group). Two-way ANOVA and Tukey’s post-test were
performed. (*p < 0.05, **p < 0.01 and ***p < 0.001). Values are expressed as mean ± SEM.

Fig. 6. Evaluation of behavioral parameters in the tail suspension test: (A) Latency to immobility, (B) Immobility time and in the sucrose spray test: (C) Latency for
grooming and (D) Grooming time. Each animal is represented by an individual symbol (n = 10–12/group). Statistical analysis was performed using the two-way
ANOVA test followed by Tukey’s post-test (*p < 0.05, **p < 0.01, ***p < 0.001). The values are expressed as mean ± SEM.
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Klebsiella pneumoniae for subsequent experiments. This concentration
represented the clinical reality (about 60% mortality) and resulted in
significant bacterial dissemination in blood (F [4,26]= 45.5; p > 0.001)
(Fig. 2B) and brain (F [4,26]= 37.1; p > 0.001) (Fig. 2C) after 24 h (p <
0.001), 48 h (p < 0.001), and 72 h (p < 0.05). However, no bacterial
dissemination was observed after seven days in blood (F [4,26]= 1.765;
p = 0.187) and brain (F [4,26] = 0.234; p = 0.294).

Clinical score was increased in the sepsis group until the sixth day
after induction compared with the control group (p < 0.001), which
maintained clinical scores close to zero (Fig. 2D). Also, urea (t [6] =

5.615; p < 0.001) and creatinine levels (t [6] = 5.044; p < 0.001)
increased in the first 24 h after sepsis induction (Fig. 2E and F), and
white blood cell count increased (F [3,32] = 6.6; p < 0.01) until the
seventh day (p < 0.01) (Fig. 3A). Significant neutrophilia (F [3,32] =
36.5; p < 0.001) and lymphocytopenia (F [3,32] = 90.4; p < 0.001)
were also observed until the 14th day (Fig. 3B and C) and monocytes (F
[3,32] = 9.85; p < 0.05) and eosinophils (F [3,32] = 23.62; p < 0.001)
were increased in the first 24 h (Fig. 3D and E).

3.2. Sepsis group presented reduced water and food intake, significant
weight loss, and reduced grooming behavior

A significant decrease in food (F [1,18] = 37.1; p > 0.001) (Fig. 4A)
and water intake (F [1,18]= 39.24; p> 0.001) (Fig. 4B) and weight loss
(F [1,18]= 33.04; p> 0.001) (Fig. 4C) were observed until the 12th day
after sepsis induction. The overview of clinical conditions was also
related to well-being since the sepsis group showed a lower score in the
nest building test than the control group in all assessed periods (p <

0.001) (Fig. 4D and E).

3.3. Pulmonary sepsis induced anxiety- and depression-like behaviors and
memory impairment in mice

The sepsis group showed no difference in the number of crossings in
the OFT compared with the control group (F [3,72] = 2.59; p = 0.06)
(Fig. 5A). However, sepsis decreased the time spent in the center of the
OFT apparatus (F [3,72] = 73.24; p < 0.001) (Fig. 5B) after 48 (p <

0.05) and 7 (p < 0.001), 14 (p < 0.001), and 30 days (p < 0.001). The
percentage of central crosses was also reduced in the sepsis group (F
[3,72] = 11.12; p < 0.05) (Fig. 5C) after 48–72 h (p < 0.05) and 7 (p <

0.001), 14 (p < 0.001) and 30 days (p < 0.001). Although the total
number of entries in the closed arms in the EPM test was not different
between groups (F [3,72] = 0.65, p = 0.61) (Fig. 5D), sepsis group had
an increase of percentage of entries in the OA (F [3,72] = 2.805; p <

0.04) after 48 h (p < 0.05) and 7 days (P < 0.05) (Fig. 5E). Also, the
sepsis group had fewer entries in the OA than the control group after 48
(p = 0.01) and 7 days (p = 0.02) (Fig. 5F). No difference was observed
between groups after 14 (p = 0.97) and 30 days (p = 0.86). Thus, data
suggested an anxiety-like behavior in mice with pulmonary sepsis.

Although the sepsis group showed no differences in latency of
immobility in the TST compared with the control group (F [3,72] =

2.53; p = 0.07) (Fig. 6A). The immobility duration was increased in the
sepsis groups (F [3,72] = 8.13; p < 0.001) after 48 h (p < 0.001) and 7
(p< 0.001), 14 (p< 0.01), and 30 days of induction (p< 0.01) (Fig. 6B).
In addition, the latency of grooming was increased in the sepsis groups
(F [3,72]= 8.34; p< 0.001) after 48–72 h (p< 0.001) and seven days (p
< 0.05) of induction (Fig. 6C) but not after 14 (p = 0.94) and 30 days (p
= 0.26). The sepsis group had shorter duration of grooming than the
control group after 48–72 h (p < 0.01) and 7 (p < 0.05), 14 (p < 0.05),
and 30 days (p < 0. 05) (Fig. 6D). Thus, data from the TST and SST
suggested that pulmonary sepsis induced depression-like behavior in
mice.

Fig. 7. Object Discrimination Index (A) Training and (B) Test; Exploration time (s) (C) Training and (D) Test. These evaluations were conducted using the object
recognition test (short-term). Each animal is represented by an individual symbol (n = 8–10 animals/group). Statistical analysis was performed using the two-way
ANOVA test followed by Tukey post-test (*p < 0.05, **p < 0.01, ***p < 0.001). Values are expressed as mean ± SEM.
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ORT (Fig. 7A and B) showed no significant difference in the time
spent exploring the two objects A in training, confirming no innate
preference (F [3,72] = 0.965; p = 0.856). However, the sepsis group
spent a shorter time exploring object B than object A (F [3,72] = 6.548;
p < 0.001) after 14 and 30 days of induction (p < 0.01) (Fig. 7C and D),
suggesting impaired memory in the sepsis group.

3.4. Pulmonary sepsis increased vascular and BBB permeability and cell
migration in the lungs, hippocampus, and prefrontal cortex of mice

Sepsis group showed increased extravasation of Evans blue dye in the
lung (F [3,34] = 6.57; p < 0.001) (Fig. 8A), hippocampus (F [3,34] =
61.80; p< 0.001) (Fig. 8B), and prefrontal cortex (F [3,34]= 16.26; p<
0.001) (Fig. 8C) 24h after sepsis induction, suggesting BBB increased
vascular and permeability.

MPO activity was also increased in the lungs of the sepsis group (F

[3,40]= 10.87; p< 0.001) (Fig. 9A) after 24 h (p> 0.01) and seven days
(p > 0.05). Although this activity had no change in the hippocampus (F
[3,40]= 1.727; p= 0.174) (Fig. 9B), it increased in the prefrontal cortex
24 h after sepsis induction (F [3,40] = 3.55; p < 0.05) (Fig. 9C).

3.5. Inflammatory cytokines were increased in the lung, hippocampus,
and prefrontal cortex of mice with pulmonary sepsis

TNF-α levels were increased in the lungs (F [3,56] = 63.67; p <

0.001), hippocampus (F [3,56] = 72.54; p < 0.001), and prefrontal
cortex (F [3,56] = 45.59; p < 0.001) of the sepsis group. It increased
only at 24 h of sepsis induction in the lungs (Fig. 10A) but remained for
14 days in the hippocampus (Fig. 10B) and seven days in the prefrontal
cortex (Fig. 10C). Simultaneously, IL-1β levels significantly increased in
the lungs (F [3,56] = 33.02; p < 0.001) (Fig. 10D), prefrontal cortex (F
[3,56] = 46.13; p < 0.001) (Fig. 10E), and hippocampus (F [3,56] =

Fig. 8. Evaluation of tissue leakage using Evans Blue after pneumosepsis induction (n = 6 animals/group) in lungs (A), hippocampus (B) and prefrontal cortex (C).
Data were analyzed by two-way ANOVA followed by Tukey’s post-test. Significance levels were denoted as follows: *p < 0.05; **p < 0.01; ***p < 0.001). Values are
expressed as mean ± SEM. Figure D demonstrates representative photos of tissues from the control group and pneumosepsis within 24 h after the induction of
pneumosepsis.

Fig. 9. MPO activity in lungs (A), hippocampus (B) and prefrontal cortex (C) after pneumosepsis induction (n = 6 animals/group). Data were analyzed by two-way
ANOVA followed by Tukey’s post-test. Significance levels were denoted as follows: *p < 0.05; **p < 0.01). Values are expressed as mean ± SEM.

K.C. Bonorino et al. Brain, Behavior, & Immunity - Health 40 (2024) 100823 

9 



30.61; p < 0.001) (Fig. 10F) for up to 14 days. In addition, IL-1β levels
increased between 7 and 14 days after sepsis induction in the prefrontal
cortex. A significant increase in IL-6 levels was also observed in the lungs
(F [3,56] = 6.97; p < 0.01) (Fig. 10G), hippocampus (F [3,56] = 7.53; p
< 0.01) (Fig. 10H), and prefrontal cortex (F [3,56] = 6.76; p < 0.001)
(Fig. 10I) within 14 and 30 days after sepsis induction.

3.6. Microglial activation in the hippocampus of the sepsis group

Cells positive for IBA-1 were increased all over the hippocampus:
CA1 (F [3,40] = 15.14; p < 0.001), CA2 (F [3,40] = 10.20; p < 0.001),
and CA3 (F [3,40] = 19.34; p < 0.001) (Fig. 11A, B, and 11C, respec-
tively). In addition, the percentage of positive cells in CA1 was increased
in the sepsis group after 24 h (p > 0.01) and 7 (p > 0.05), 14 (p < 0.05),
and 30 days (p < 0.05) of induction. However, cells positive for IBA-1
were increased only 24 h after sepsis induction (p < 0.001) in the
CA2, and 24 h (p < 0.001), 7 (p < 0.01), and 14 days (p < 0.001) in the
CA3 area.

Photomicrographs of cells positive for IBA-1 and with pathological
findings of the sepsis group were compared with the control group
(Fig. 12). Increased perivascular Virchow-Robin cells inside and outside
the hippocampus and edema in the white matter were observed in the
sepsis group. Also, a large area of cells positive for IBA-1 indicated a

microglial activation in neuronal and perivascular areas in this group
(see Fig. 13).

4. Discussion

This pulmonary sepsis model resulted in a systemic inflammatory
response with brain damage, increased BBB permeability and proin-
flammatory cytokines levels in the CNS, neutrophil infiltration, and
microglial activation in hippocampal areas. The anxiety- and
depression-like behaviors and short-term cognitive impairment corrob-
orated the biochemical and histological findings in the brain of sepsis
survivor mice.

According to Alberti et al. (2002) and Sakr et al. (2018), Klebsiella
pneumoniae is one of the main Gram-negative bacteria responsible for
sepsis in hospitals. In this sense, our pulmonary sepsis model showed to
be reproducible and standardized, with face, construct, and translational
validity (Soares et al., 2006; Czaikoski et al., 2013; Prager et al., 2013;
Sordi et al., 2013; Horewicz et al., 2015; Gonçalves et al., 2017; Probst
et al., 2019). In addition, our data showed that an acute infection
stimulated neuroinflammation, synapse damage, and neuro-
degeneration, resulting in neuropsychiatric disorders and cognitive
impairments even after sepsis resolution, being in line with clinical
studies (Iwashyna et al., 2010; Gao et al., 2017; Prescott and Angus

Fig. 10. Temporal profile of pro-inflammatory cytokines in the lungs, hippocampus and prefrontal cortex after induction of pneumosepsis (n = 8 animals/group). A,
B, C: TNF-α concentration; D, E, F: IL-1β concentration; G, H, I: IL-6 concentration. Data were analyzed by two-way ANOVA followed by Tukey’s post-test. Sig-
nificance levels were denoted as follows: *p < 0.05; **p < 0.01; ***p < 0.001). Values are expressed as mean ± SEM.
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2018; Deanstaed et al., 2020; De Sousa et al., 2021).
In our study we also showed that mice recovered from pulmonary

sepsis mainly from the 14th day, since they reestablished food and water
intake and body weight, as well as improved the clinical score with no
evidence of systemic bacterial dissemination. Thus, we performed
behavior assessments from the 14th to 30th day after sepsis induction,
assuming a full recovery from lung infection.

Despite biochemical, histological, and behavioral changes in the
sepsis group, neuroinflammation was possibly unrelated to bacterial
dissemination since we observed no evidence of chronic infection in the
brain seven days after sepsis induction. Thus, it is plausible to hypoth-
esing that a host immune response may be involved with both, the
persistent neuroinflammation and behavioral changes, with a secondary
inflammatory response induced by peripheral immune cells.

In this sense, the studies of Singer et al. (2016) partially corroborated
with our hypothesis, by showing an association between the brain mi-
crobial exposure and neuroinflammation, but not a causative relation-
ship between them, whether in post-mortem individuals as in an
experimental model in mice.

In the other hand, some studies suggest that long-term neuro-
inflammation, persistent anxious and depressive behaviors and cogni-
tive impairments may be related to systemic and inflammatory response,
an important requirement for brain inflammation (Xin et al., 2023).
Reinforcing this point of view, experimental and clinical researches have
suggested that systemic immune activation outside the brain aggravates
its damage in sepsis (Comim et al., 2011; Dal-Pizzol et al., 2013; Cal-
savara et al., 2013; Anderson et al., 2015; Gao et al., 2017; Goldim et al.,

2020; D’Avila et al., 2018; Deanstaed et al., 2020; Dal-Pizzol et al., 2021;
De Sousa et al., 2021; Kaukonen et al., 2014; Borges et al., 2015; Prescott
and Angus, 2018). Nevertheless, these authors state the relationship
between lung and brain dysfunction remains unclear.

In parallel, our study showed high levels of proinflammatory cyto-
kines in lung, hippocampal and prefrontal cortex areas, as well as
microglial activation in later stages of pulmonary sepsis induction.

In this regard, the early inflammatory response in sepsis is charac-
terized by an excessive release of proinflammatory cytokines, resulting
in multi-organ damage. The local inflammatory activation of innate
immune cells in brain can also mediate its damage. Subsequently, pe-
ripheral immune cells are recruited before a large activation of brain
endothelial cells and microglia to start secondary inflammatory re-
sponses (Van der Poll et al., 2017). Thus, proinflammatory mediators
and chemokines (e.g., TNF-α, IL1-β, and IL-6) might intensify the
microglial response and glial cell activation, exacerbating the neuro-
inflammation (Van der Poll et al., 2017), especially in the hippocampus,
prefrontal cortex, and amygdala (Prager et al., 2013; Dal-pizzol et al.,
2021).

In this study, we observed high levels of TNF and IL1-β in lungs and
brain, followed by a later increase of IL-6 levels in both. These cytokines
were increased at different time points, suggesting an independent
production and release by resident cells, which contributed to both, lung
and brain dysfunction. In this sense, localized inflammatory response
syndrome may occur due to immunosuppression, contributing to bac-
terial entry, failure of phagocytosis and release of proinflammatory
mediators (e.g., cytokines, nitric oxide, and proteolytic enzymes)

Fig. 11. Representative immunohistochemical panel of photomicrographs (increase of 200x) showing the percentage of area with cells positive for IBA1, a cellular
marker of microglial activation, in the hippocampus (CA1, CA2 and CA3).
A: CA1 area, B: CA2 area, C: CA3 area. n = 6 animals/group. The data were analyzed by two-way ANOVA followed by Tukey’s post-test. Significance levels were
denoted as follows: *p < 0.05; **p < 0.01; ***p < 0.001). Values are expressed as mean ± SEM.
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(Gonçalves et al., 2017). Thus, in this experimental model, our results
suggested that pulmonary inflammatory response may be involved in
signaling anticipated the cytokine storm and cell recruitment in sepsis.

Septic mice showed increased BBB permeability in the hippocampus
and prefrontal cortex and MPO activity in the prefrontal cortex 24 h
after infection, with neutrophil infiltration, increasing brain damage in
sepsis (Danielsky et al., 2018; Westhoff et al., 2019; Barichello et al.,

2021). Additionally, our experimental model also resulted in leukocyte
infiltration in the acute sepsis and sustained cytokine release (mainly of
IL-6 levels) in brain and microglial activation in the CA1 area of the
hippocampus during 30 days. Interestingly, these cellular and
biochemical changes were followed by long-term behavioral changes.

IL-6 brain levels increased only in the recovery phase in sepsis in our
study (i.e., 14th to 30th day). As it is known, IL-6 can increase vascular

Fig. 12. A: Presence of enlarged Virchow-Robin perivascular spaces in animals with pneumosepsis (arrows); B: Enlarged perivascular spaces are often present in mice
with pneumosepsis, within the hippocampus (arrow) and also outside it (arrow); C: Case control image of the hippocampus. It is observed that, in comparison with
pneumosepsis cases, Virchow-Robin vascular spaces are inconspicuous (indicated by arrows); D: in mice with pneumosepsis, the microglial cells are not only present
and permeating the hippocampal neuronal component (arrow) but also often found in perivascular regions (circles); E: Intensely branched microglia interspersing
neuronal cells of the hippocampus in an animal with pneumosepsis (asterisk). F: individual microglial cell with processes marked by the immunopositivity for Iba-1;
G: Photomicrograph of animal with pneumosepsis - loose/edematous stroma is observed in white substance of the corpus callosum (area circled in black). In the
control animal, the corpus callosum is preserved, without significant histological changes.
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permeability, facilitate lymphocyte activation and the antibody pro-
duction, leading to CNS disorders (Richwine et al., 2008; Burton and
Johnson, 2012; Hotchkiss et al., 2016; Venet and Monneret, 2017;
Haileselassie et al., 2020; Willis et al., 2020). Thus, these data
strengthen our hypothesis that proinflammatory cytokines affect brain
function by crossing the BBB, resulting in cognitive impairments,
behavioral changes, and decreased neurogenesis in the hippocampus.

These results corroborate with those showed by Mu-Huo et al.
(2020), in an experimental study with rats exposed to lipopolysaccha-
ride (LPS). LPS-group showed an increase in prefrontal cortex IL-6
levels, whereas rats treatment with minocycline (a microglial inhibi-
tor) had IL-6 brain levels blunted, followed by an improvement of
cognitive function, suggesting the involvement and influence of IL-6 on
cognitive function (Mu-Huo et al., 2020).

In the TST, septic mice showed increased immobility duration in all
assessed periods, demonstrating passive behavior before an acute
stressful situation (Steru et al., 1985; Commons et al., 2017). They also
showed decreased grooming duration during the SST, suggesting
decreased motivation and increased anhedonic-like behavior (Pizza-
galli, 2014; Planchez et al., 2019). In addition, the sepsis group
remained in the closed arms of the EPM for a longer period and in the
center of the OFT for a shorter period, suggesting a lack of exploratory
and an anxiety-like behavior.

In this sense, biochemical and cellular theories were described to
relate behavioral changes and sepsis. One theory is regarding the in-
crease of BBB permeability, whichmay facilitate cell and cytokines entry
and peripheral immune responses in the CNS, triggering or exacerbating
microglial activation (Comim et al., 2011; Danielski et al., 2018;
Westhoff et al., 2019; Barichello et al., 2021). Although the involvement
of the BBB in neuroinflammation and behavioral changes in animals, the

increase in permeability and changes in endothelial junctions may occur
briefly and acutely (Westhoff et al., 2019; Barichello et al., 2021).
However, persistent neuroinflammation was considered a mechanism
for chronic brain dysfunction in sepsis survivors since high levels of
inflammatory mediators were related to depressive disorders, anxiety,
fatigue, and decreased quality of life (Prescott and Angus, 2018).
Interestingly, our results showed not only an increase of BBB perme-
ability in sepsis group, - observed by the amount of Evans blue dye
extravasation in hippocampus and prefrontal cortex right after sepsis
induction -, but also an activation of cells brain and a local increase of
proinflammatory cytokines.

Some studies suggested that microglial activation in the hippocam-
pus leads to a less robust interaction between astrocytes and neuronal
units, resulting in lower maintenance of neuronal synapses (Azevedo
et al., 2013; De Sousa et al., 2021). Also, it may increase microglial
phagocytic capacity in synapses and even neuronal death, which may be
related to cognitive and behavioral disorders (Azevedo et al., 2013;
Moraes et al., 2015; Barichello et al., 2021; De Sousa et al., 2021), just
like we observed, which corroborated to previous studies (Anderson
et al., 2015; Gao et al., 2017; Michels et al., 2020).

In conclusion, this experimental pulmonary sepsis model in mice
showed one of several aspects of sepsis and induced depression and
anxiety-like behaviors, memory impairments and neuroinflammatory
responses in the hippocampus and prefrontal cortex. Therefore, in this
experimental model, we approached many sepsis aspects, like behav-
ioral disorders, biochemical changes and histopathological aspects of
brain, pointing out the lung-brain crosstalk in septic survivor mice.

Fig. 13. Schematic representation of the main findings of the study. The model of pneumosepsis induced by instillation of Klebsiella pneumoniae can trigger systemic
and neuroinflammatory responses, with behavioral repercussions, demonstrating an important translational approach. Source: Self-authored figure scheme planning,
and illustration made by illustrator Priscila B. Rosa by CorelDraw and Mind the Graph, 2021.
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