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Abstract 

Lipopolysaccharide (LPS) challenge in mice has been used to identify the mechanisms and therapeutics for neuro-
inflammation. In this study, we aimed to comprehensively evaluate the behavioral changes including locomotion, 
exploration, and memory, correlating them with a panel of thirteen inflammatory cytokines in both blood and brain.

We found that acute LPS administration (0.83 mg/Kg i.p.) reduced body weight, food intake, and glucose levels 
compared to the saline-injected mice, concomitant with decreased activity in home cage monitoring. Locomo-
tion was significantly reduced in Open Field, Introduced Object, and Y-Maze tests. Decreased exploratory behavior 
in the Y-Maze and Introduced Object tests was noticed, by measuring the number of arms explored and object 
interaction time, respectively. Additionally, in rotarod, LPS administration led to a significant decrease in the distance 
achieved, while in the MouseWalker, LPS led to a reduction in average velocity.

LPS induced a decrease in microglia ramification index in the motor cortex and the striatum, while surprisingly 
a reduction in microglia number was observed in the motor cortex.

The concentrations of thirteen cytokines in the blood were significantly altered, while only CXCL1, CCL22, CCL17, 
G-CSF, and IL-12p40 were changed in the brain. Correlations between cytokine levels in blood and brain were found, 
most notably for CCL17 and CCL22. TGFβ was the only one with negative correlations to other cytokines. Correlations 
between cytokines and behavior changes were also disclosed, especially for CCL17, CCL22, G-CSF, and IL-6 and nega-
tively for TGFβ and IL-10.

In summary, our study employing acute LPS challenge in mice has revealed a comprehensive profile of behavioral 
alterations alongside significant changes in inflammatory cytokine levels, both in peripheral blood and brain tissue. 
These findings contribute to a deeper understanding of the interplay between inflammation and behavior, with pos-
sible implications for identifying prognostics and therapeutic targets for neuroinflammatory conditions.
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Introduction
Inflammation is a biological defense response of tissues 
when exposed to harmful stimuli including pathogens, 
damaged cells, or toxic compounds [1]. This process is 
triggered by the immune system to protect the organism 
from damage, usually only lasting for a short duration of 
time. However, collateral damage from an exacerbated 
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immune response can have detrimental effects. One of 
the side effects of exacerbated systemic inflammation is 
neuroinflammation [2, 3].

Neuroinflammation can trigger and be triggered by the 
pathological processes within the brain, but it also occurs 
when the blood-brain barrier (BBB) is permeable to 
pro-inflammatory mediators released by the peripheral 
immune system, such as interleukins like IL-1β, and IL-
12p40, interferons (IFNs), and chemokines like CXCL1, 
CCL2, and TNFα [3–7].

One of the major examples of peripheral inflamma-
tion leading to a strong neuroinflammation response is 
sepsis [8]. Approximately half of septic patients treated 
in the intensive care unit present neurological symptoms 
that include anxiety and depression that have been linked 
with neuroinflammation [8]. Additionally, reports suggest 
that some surgical procedures can cause systemic inflam-
mation leading to neuroinflammation [9]. Neuroinflam-
mation induced by systemic inflammation after surgery 
can cause neurological complications including cognitive 
dysfunction, delirium, and depression, some of which 
are linked to the release of inflammation cytokines, like 
IL-1β [10]. Moreover, severe infections have been linked 
with neuroinflammation and the risk of Parkinson’s dis-
ease, with a focus on the high levels of cytokines that can 
cross the blood-brain barrier [11, 12].

To study neuroinflammation, several genetic and toxin-
induced neuroinflammatory models have been devel-
oped and implemented in mice, reviewed in [11–13]. 
Mainly driven by time, reproducibility, and costs, toxin-
induced models of neuroinflammation have been the 
choice for many studies. Examples include polyinosinic: 
polycytidylic acid (Poly I: C), streptozotocin (STZ) [12], 
1-Methyl-4-phenyl-1,2,3,6-tetraydropyridine (MPTP) 
[14], and lipopolysaccharides (LPS) [11, 15, 16]. Amongst 
these, LPS is the most used method for studying neuro-
inflammation due to its robust reproducibility, costs, and 
recapitulation of effects caused by bacterial infections 
[11, 15–18]. LPS is present on the cell wall of gram-neg-
ative bacteria and binds the toll-like receptor 4 (TLR4), 
which is mainly present in cells of myeloid origin, includ-
ing monocytes, macrophages, dendritic cells, and micro-
glia [19, 20].

Previous reports have shown that LPS-induced neuro-
inflammation can lead to cognitive and memory impair-
ment, followed by changes in normal behavior including 
a decrease in locomotion and appetite, depression, anxi-
ety, and weight loss, like what is observed in patients who 
suffer from sepsis and some neurodegenerative diseases, 
like Parkinson’s disease and Alzheimer’s disease [21–25]. 
Nonetheless, the full extent of these symptoms is spread 
across different studies, using different designs, includ-
ing distinct animal strains, LPS serotypes, and doses. 

Another important hallmark of neuroinflammation, 
cytokine production, shares a similar problem. Cytokine 
quantification in the brain has been performed in several 
studies using an LPS-induced model of neuroinflamma-
tion. However, while some studies manage to detect and 
quantify cytokine production, others do not [15]. Moreo-
ver, most studies have focused on the main inflammatory 
cytokines, namely TNFα, IL-1β, and IL-6, overlooking 
the role of other major pro-inflammatory cytokines [15].

To fill these gaps, we employed an LPS acute model of 
neuroinflammation, in mice, aimed to comprehensively 
assess a wide range of behavioral changes, including loco-
motion, gait, exploration, and memory. Concurrently, we 
aimed to identify, quantify, and correlate these behav-
ioral alterations with a panel of inflammatory cytokines 
measured in both blood (at 8 hours and 24 hours post-
LPS) and brain tissue. Overall, we observed changes 
in all behavior tests performed, microglia number and 
morphological changes, and quantified cytokines. Mean-
while, all cytokines quantified in blood, especially G-CSF 
showed some negative correlation with behavior except 
for TGFβ, highlighting this cytokine as a potential target 
for future neuroinflammation studies. In conclusion, the 
correlation between the different aspects of inflamma-
tion, both behavioral and molecular, in the periphery and 
the central nervous system, can aid in the development of 
future experiments on the research of both mechanistic 
and therapeutical solutions, to tackle neuroinflammation 
a major hallmark of neurodegenerative diseases.

Methods
Animals
Male C57BL/6J mice were obtained from Charles River 
(Charles River, France) at 10 weeks of age. Two animals 
were housed per cage in a temperature (20°-22°C) and 
humidity-controlled room with a 12h light/dark cycle 
(lights starting at 08h a.m.). Animals were kept for 1 
week in quarantine and spent 6 weeks in acclimatization 
before starting the experiments at 18 weeks of age. Ani-
mals were divided into two groups: LPS-administered 
(LPS, n=19) or saline-administered (saline, n=19). Mice 
received an intraperitoneal injection of either vehicle 
(0.9% NaCl saline solution) injecting 10 µL/g of body 
weight (BW), or LPS 0.83 mg/kg body weight diluted in 
saline (L2880, Escherichia coli serotype O55:B5, Sigma-
Aldrich). Mice were allowed to consume food and water 
ad libitum. Body weight and food consumption were 
measured before, during, and after LPS administra-
tion. Since mice were caged in pairs, food consumption 
per cage was calculated, by the total food displacement 
of the cage divided by the body weight of the two ani-
mals. Results show the food consumption for the animals 
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whose blood glucose levels were also analyzed (n=11). 
All experiments were conducted during the light period.

Behavioral tests
Behavioral tests were conducted four hours after injec-
tions, allowing inflammation to develop, as shown in 
Fig.  1. All behavioral testing was conducted in desig-
nated rooms during the animal’s light cycle. The test-
ing environment was thoroughly sanitized to prevent 

olfactory clues. All tests were performed in the same 
order at similar times for each mouse. The Open field 
(O.F.) test, open field with Introduced Object (I.O.), 
Y-Maze (Y.M.), Rotarod (Rot), and gait (using Mouse-
Waker [26, 27]) were performed with custom-made 
in-house setups. In all these paradigms, all animals per 
group were tested. After every trial, the equipment was 
thoroughly cleaned with 7% ethanol solution. At the 
end of the experimental day equipment was thoroughly 
sanitized using 70% ethanol solution.

Fig. 1 LPS administration results in a marked increase in sickness behavior (A) Illustration of the experimental design indicating the behavior tests 
performed and blood collections at 8h and 24h after LPS or saline administration. H.C. – Home cage monitoring; O.F. – Open Field; I.O. – Introduced 
Object; Y.M. – Y-Maze; M.W. – MouseWalker; Rot – Rotarod. B Animal body weight before and 24h after LPS administration in saline and LPS groups 
(n=19). C Food intake normalized by body weight (n=9 cages - 2 animals per cage). D Glucose levels (n=11). E Home cage monitoring system used, 
relying on a camera on a tripod recording the home cage (n=12). F Time moving in the home cage (n=12). G Number of eating interactions (n=12). 
Statistical changes are shown as ns - not statistically significant, *p<0.05, ** p<0.01, and *** p<0.001
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Open Field and introduced object test
Open Field test is a commonly accepted method of test-
ing motoric and anxiety-related parameters. Mice were 
put in a white opaque acrylic box (35 cm L x 35 cm W 
x 50 cm H). Animal behavior was recorded from above 
for 20 min using a video camera (FLIR Blackfly) with an 
infrared filter. Infrared illumination was provided from 
above the arenas so mice could be detected and tracked 
under optimal conditions. Arenas were also illuminated 
with a uniform visible white light of high intensity of 400-
500 lux. High-intensity light was used since it is a well-
described aversive stimulus in the open-field paradigm 
that induces anxiety-related behaviors [28]. Four animals 
were recorded in four different boxes simultaneously for 
20 min. Locomotor parameters, including distance trave-
led, immobility time, and crossings through the differ-
ent zones (center, corner, and walls), were automatically 
tracked by the tracking software (Bonsai v2.6.3) [29].

The introduced object assay was conducted in the open 
field arena as a proxy to assess anxiety and exploratory 
behavior [29]. After spending 20 min in the open field 
arena, animals were removed from the apparatus, and the 
object consisting of a white plastic cone was introduced 
in the center of the open field arena. Animals were then 
returned to the open field arena, exposed to the intro-
duced object, and allowed to explore it for 10 min. The 
time spent exploring the introduced object, defined by a 
circular region of 5 cm around the object, was recorded 
automatically using Bonsai tracking software [29].

Spontaneous alteration test using Y‑Maze
Spontaneous alteration test was performed in a Y-shaped 
maze (each arm 30 cm L x 10 cm W x 30 cm H). Animals 
were inserted in the same arm and allowed to explore the 
maze for 5 min. Endpoints that were analyzed included: 
the total number of arm entries (total number of visits 
to arms), the number of entries made into each arm, the 
number of returns into the same arm, and a sequential 
list of arms entered to assess the number of alternations 
made. A spontaneous alternation occurs when a mouse 
enters a different arm of the maze in each of 3 consecu-
tive arm entries. This test was used to test anxiety, explo-
ration, and cognitive performance [30]. Video recordings 
were taken as described previously. All the parameters 
were analyzed automatically using Bonsai tracking soft-
ware [29].

Rotarod
Rotarod is a commonly used test to assess motor endur-
ance, coordination, and balance [31]. Animals were 
first trained using the constant speed protocol of 7 rpm 
for 3 min (training session). After that, 3 trials (5 min 
each) in accelerating conditions of 4-40 rpm/min were 

performed, as described herein (https:// app. jove. com/v/ 
20782/ the- accel erati ng- rotat ing- rod- assay- or- rotar od- 
test-a- method- to- test- motor- coord inati on- and- learn 
ing- in- mice). The latency to fall of the rotating rod, the 
velocity of the rod rotation when falling, and the overall 
distance traveled were automatically recorded using the 
automatic Rotarod system Series 8 apparatus (IITC Inc. 
Life Science, CA, USA) to measure motoric performance. 
After each trial, animals were left in their home cages to 
recover for 15 min before the next trial.

MouseWalker assay
MouseWalker system provides a comprehensive and 
quantitative description of the kinematic parameters of 
freely walking mice [26]. Briefly, the animals were set at 
one end of the MouseWalker platform and videos were 
recorded from the transverse across the platform. At 
least three complete transverses were recorded for each 
animal. The videos are analyzed by the MouseWalker 
software written in MATLAB (version R2016a, The 
MathWorks Inc., USA) and compiled as a standalone 
program that registers the position of the body, tail, and 
each footprint, saving these parameters, as described in 
[26, 27]. Two successful complete runs were used and 
averaged for each animal. To test if the different param-
eters recorded were changing only as a function of veloc-
ity, we applied the velocity correction script supplied 
with MouseWalker, described in [27], and shown in Sup-
plementary Figure  1. This script uses a trendline of the 
different parameters as a function of speed and compares 
the theoretical values with the obtained from the differ-
ent measurements. MouseWalker script performs this 
calculation, automatically excluding outliers (open cir-
cles). Outliers are defined as any value that is 1.5 times 
the interquartile range below or above the 25 and 75% 
quartiles, respectively. The exclusion of outliers was not 
performed for any other analysis.

Home cage monitoring
Home cage monitoring was used to evaluate spontaneous 
animal behavior in the home cage environment 1 h after 
LPS administration. In total 6 cages per group (total of 
12 animals) were recorded for 20 min using a commer-
cial digital video camera (Nikon D5200, Nikon, Japan). 
The time spent moving in the cage, and the number of 
food interactions were measured manually by a blinded 
observer using recorded videos.

Blood and organ collection and glucose measurements
Blood was collected 8h and 24h after injection, into 
EDTA tubes (367863, BD Vacutainer, USA). Blood of 
the 8h time point was collected from the tail vein at the 
end of all behavior tests. Twenty-four hours after LPS 

https://app.jove.com/v/20782/the-accelerating-rotating-rod-assay-or-rotarod-test-a-method-to-test-motor-coordination-and-learning-in-mice
https://app.jove.com/v/20782/the-accelerating-rotating-rod-assay-or-rotarod-test-a-method-to-test-motor-coordination-and-learning-in-mice
https://app.jove.com/v/20782/the-accelerating-rotating-rod-assay-or-rotarod-test-a-method-to-test-motor-coordination-and-learning-in-mice
https://app.jove.com/v/20782/the-accelerating-rotating-rod-assay-or-rotarod-test-a-method-to-test-motor-coordination-and-learning-in-mice
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administration blood glucose levels were measured 
from the blood of living animals (n=10) using Freestyle 
Precision Neo (Abbot, USA). Animals were then eutha-
nized by the overdose of the volatile anesthetic isoflu-
rane (IsoFlo, 13400264, ECUPHAR). After the death of 
the animal was confirmed, the chest cavity was opened, 
and the blood was collected directly from the heart of 
the animal. This was followed by saline perfusions with 
ice-cold saline. Half-brains for protein/cytokine meas-
urements were collected and immediately stored in liq-
uid nitrogen. Blood was stored on ice and centrifuged 
at 2500g for 10 min to obtain plasma. Organs and blood 
were stored at -80°C until analysis. The remaining half-
brains were collected into 4% PFA for immunohisto-
chemical analysis of microglia morphology.

Tissue extractions and cytokine evaluation
For the protein extraction from the half-brains reserved 
for cytokine measurements, half-brains were defrosted 
on ice, weighted, and resuspended in ice-cold NP-40 
lysis buffer: phosphate buffer saline pH 7.4, containing 
1% v/v NP-40 (492016, Merck, Germany) and a cocktail 
of protease and phosphatase inhibitors (04693116001, 
Roche Applied Science, Germany), at a ratio of 10 mg 
of brain tissue to 100 µL NP-40 lysis buffer. A tissue 
homogenizer was used. Afterward, protein extracts 
were maintained on ice for 15 min, and centrifuged 
at 16000g for 15min. Protein quantification was per-
formed using the Pierce Micro BCA Protein Assay 
Kit (23225, Thermo Fisher Scientific, USA). Protein 
extracts from all samples were adjusted to a final con-
centration of 1 µg/ µL and aliquoted and stored at 
-80ºC.

To evaluate the impact of LPS on systemic and neu-
roinflammation we analyzed a panel of inflammatory 
cytokines using a Macrophage/Microglia LEGENDplex 
kit (740502, Biolegend, USA), according to the manu-
facturer’s instructions. Briefly, brain protein extracts 
and plasma samples were defrosted to room tempera-
ture. Brain protein extracts (100 µL, equivalent to 100 
µg of protein) and plasma (25 µL) were incubated 
with beads containing antibodies against the target 
cytokines for 2h. After washing, the samples were incu-
bated with the respective secondary antibodies for 1h. 
Finally, the samples were measured in a FACS Canto 
II system (BD, Belgium), and the data was analyzed 
using LEGENDplex (v.8.0, BioLegend, United States). 
Cytokines in animals below the limit of detection were 
reported as 0, for statistical purposes. For the graphical 
representation of the cytokines on a heatmap, the fold-
change between control and LPS-administered animals 
was used as input [32].

Immunohistochemical assay
For immunohistochemical analysis, mouse brain halves 
immersed in 4% PFA for 24h at 4ºC were cryoprotected 
with incubations in three rounds of 30% sucrose solu-
tions in PBS (for 48h at 4ºC each). The brains were then 
snap-frozen in isopentane, cooled on dry ice, and stored 
at -80ºC. Every third coronal section (20 µm thick) 
through the motor cortex and striatum was obtained and 
mounted on slides, allowed to dry overnight, and stored 
at -20ºC. These two brain regions were selected due 
to the capability of the motor cortex to generate motor 
behavior, while striatum to regulate movement control 
and motivation, respectively. Brain regions selected for 
quantification were identified based on a standard mouse 
brain atlas (Paxinos, 2004) 1.5 mm lateral, and 1.0 mm 
anterior of bregma for motor cortex (M1-M2) and 0.50 
mm anterior to bregma for striatum (caudate-putamen).

Before immunoreaction, the sections were rinsed in 
PBS and treated with 0.3% hydrogen peroxide in 20% 
methanol solution for 30 min at room temperature to 
block endogenous peroxidase. Three washes were per-
formed with PBS between each two consecutive steps 
during the process. To block nonspecific immunostain-
ing, sections were treated with 3% BSA (Bovine Serum 
Albumin) in PBS in a humid condition, for 1h at room 
temperature. Subsequently, sections were immunola-
beled with rabbit anti-IBA1 (ionized calcium-binding 
adaptor molecule 1, also known as allograft inflamma-
tory factor 1, AIF1) antibody (1:500, Cat. No.019-19741, 
Wako, Japan) diluted in in 0.1% Triton X-100 in PBS 
(PBS-T) overnight at 4ºC. Following three washes with 
PBS, sections were incubated with a secondary biotin-
conjugated antibody, washed again, and incubated with 
the horseradish peroxidase-labeled secondary antibody 
(LSAB Kit K4065, DAKO, Denmark) in PBS-T in a humid 
condition, for 2h at room temperature. Bound antibod-
ies were visualized with 3,3-diaminobenzidine tetrahy-
drochloride (DAB, SK-4100, Vector Laboratories). To 
test the specificity of the reaction a negative control slide 
was treated in the same way with the omission of the pri-
mary antibody and run alongside the other samples. All 
sections were dehydrated in graded ethanol, cleared in 
xylene, and mounted in Canada balsam. Immunohisto-
chemical images were acquired with a NanoZoomer-SQ 
Digital slide scanner (Hamamatsu Photonics).

Quantification of the number and morphology 
of IBA1‑positive cells
For counting IBA1-positive cells, a total of three cryostat 
coronal sections cut at 20 µm (separated by 800 µm inter-
vals for motor cortex and striatum) were used from each 
brain. A total of 4 brains were used for each experimental 
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group. For each animal 10 focal fields per region were 
analyzed. The total number of IBA1-positive cells was 
normalized by the brain area  (mm2) using Icy Software 
(Institut Pasteur, France). The average number of IBA1-
positive cells per  mm2 was shown for each animal.

Since morphological changes in microglia indicate 
microglia activation, microglia size and ramification were 
analyzed. Briefly, IBA1-positive cells were outlined, and 
their area was determined using Icy Software. For the cal-
culation of the ramification index, the cell perimeter was 
divided by cell area, as previously described in [33, 34]. A 
total of n>100 cells per animal/per specific region (n>500 
cells per experimental group/per specific region) were 
analyzed. Data averaged by each animal is also shown in 
Supplementary Figure 2.

Statistical tests
Results are shown as boxplots representing the median 
as the middle line, with the lower and upper edges of the 
boxes representing the 25 and 75% quartiles, respectively; 
the whiskers represent the range of the full dataset. Sta-
tistical tests were performed in GraphPad Prism version 
10.0, apart from the results for the MouseWalker script. 
When two groups were compared (Saline versus LPS), 
only two types of statistical tests were accepted: Student’s 
T-test or nonparametric tests. A Student’s T-test statis-
tical test (unpaired T-test) was used when data followed 
a normal distribution, according to the Shapiro-Wilk 
test. Otherwise, when data did not follow a normal dis-
tribution, a nonparametric test (Mann-Whitney test) 
was used. This procedure was performed for each graph 
shown. Individual dots in the graphs represent different 
animals unless stated otherwise. Statistical significance 
was accepted at p<0.05. Statistical changes are shown as 
ns: not statistically significant, *p<0.05, ** p<0.01, and *** 
p<0.001. Correlations between cytokines and behavior 
were also performed in GraphPad Prism, using the cor-
relation matrix statistical analysis option, selecting the 
Pearson correlation coefficient option for producing the 
heatmap depicted.

Results
LPS administration leads to changes in food consumption 
and body weight
To induce neuroinflammation, C57BL/6J mice were 
injected with LPS (0.83 mg/kg), while control animals 
received the same volume of saline. Four hours after LPS 
or saline administration, mice were subjected to behavior 
tests (Fig. 1A), starting with the Open Field test, followed 
by Introduced object, Y-Maze, Mousewalker, and finally 
the Rotarod test. Blood was collected after the behavior 
tests were concluded, 8h after LPS administration, and at 

24h post-LPS administration, at the moment of sacrifice 
(Fig. 1A).

All mice and respective food were weighed immedi-
ately before the moment of the injections, and 24h later, 
moments before sacrifice. LPS-administered mice pre-
sent a significant loss in body weight of approximately 
9%, on average, during these 24 hours (Fig.  1B). These 
changes in body weight were related to the diminished 
food intake shown by the LPS-administered animals 
(Fig. 1C). Overall, this noted reduction in food consump-
tion resulted in a decrease in the glucose levels registered 
in the LPS-administered animals (Fig.  1D). Importantly 
since some of these parameters are linked with the hip-
pocampus-pituitary-adrenal axis, we also measured 
some corticosterone levels in these animals, however, no 
changes have been noted (data now shown).

The first behavior test employed was home cage moni-
toring (Fig.  1E) performed 1h after LPS administration, 
allowing for the initial evaluation of sickness-related 
behavioral changes and, the analysis of the food inter-
actions of these animals. LPS-administered animals 
remained largely immobile (Fig.  1F) culminating in the 
reduction of the number of food interactions (Fig.  1G). 
These data indicate that LPS induces hypophagia, leading 
to decreased glucose levels and a concomitant reduction 
in body weight.

LPS‑injected animals showed reduced locomotor activity 
and exploratory behavior
Y-maze has been commonly used to investigate anxi-
ety, exploration, memory, and cognitive performance in 
mice administered with LPS [28]. We tested if our LPS-
induced inflammation protocol could also generate simi-
lar phenotypes using the Y-maze assay (Fig. 2A). In our 
experiment, we observed that LPS-administrated animals 
spent more time in a single arm (Fig.  2B), visited fewer 
arms (Fig. 2C), and performed a lower number of sponta-
neous alternations (Fig. 2D).

To assess the overall exploratory behavior/ anxiety, 
mice were evaluated using Open Field test, and Intro-
duced object test (Fig.  2E and I, respectively). In the 
Open Field test (Fig.  2E), LPS-administered mice trave-
led a reduced distance compared to saline animals 
(Fig. 2F). Moreover, the LPS group spent less time in the 
center of the arena (Fig.  2G) and conversely more time 
stationary in the corners of the Open Field (Fig.  2H), 
relative to the saline group. In the Introduced object test 
(Fig.  2I), a marked decrease in the distance traveled by 
the LPS group was also observed (Fig. 2J), together with 
a decrease in the total time spent interacting with the 
object (Fig. 2K).

The Rotarod test has been extensively used to investi-
gate general motoric/locomotor impairment in rodents 
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[31] (Fig.  2L). LPS-administered mice spent, on aver-
age, less time on the rod, thus resulting in a lower 
reached RPM (Fig.  2M), time (Fig.  2N), and distance 
(Fig. 2O). This data supports the idea that LPS injection 
decreased the locomotor capability of LPS-adminis-
tered animals. This test also showed that this decrease 
in locomotion happened on a forced-locomotion test 
in addition to the already mentioned free walking tests: 

Y-maze test, Open Field test, and Introduced object 
test.

Kinematic properties of LPS‑injected animals
To investigate the extent of motoric changes imposed 
by LPS administration and to identify possible changes 
in gait, we performed gait analysis using the Mouse-
Walker apparatus [26, 27]. This test makes use of an 

Fig. 2 LPS-administered mice show decreased exploratory and motoric function. A Y-maze apparatus (n=19). B Time spent on a single arm 
(Preferred arm). C Number of visits to arms. D Spontaneous alternation. E Open Field apparatus (n=19). F Distance traveled on the open field. 
G Time spent in the center of the arena. H Time spent in the corner of the arena. I Introduced object to apparatus (n=19). J Distance traveled 
in introduced object test. K Time spent interacting with the object. L Rotarod apparatus (n=19). N Rotations per minute achieved by the mice. N 
Time spent on the rod. O Distance traveled by the mice on the rod. Each dot represents one animal. Statistical results are shown as *** p<0.001
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open corridor without the obligation to move at a pre-
determined speed like in Rotarod. Using this behavior 
test, we tested several kinematic parameters of mice 
administered with saline or LPS. LPS-administrated 
animals showed a significant average speed reduction 
(Fig.  3A) and consequently a reduced gait frequency 
(Fig.  3B) and reduced stance duration (in seconds) 
(Fig.  3C). Concomitantly, swing speed was reduced 
in the LPS group (Fig.  3D) as the average step length 
(cm) was decreased (Fig.  3E) and swing duration was 
increased in LPS administrated animals (Fig.  3F). In 
LPS-administered animals, a significant increase in sin-
gle swing index was observed (Fig. 3G), while no change 
was observed in diagonal swing (Fig. 3H). Importantly, 
using the MouseWalker script and observing the same 
parameters corrected for speed [27] showed no signifi-
cant differences between the groups (Supplementary 
Figure 1), indicating that the differences between both 
groups were effectively induced by the lower average 
speed achieved by LPS-administered animals compar-
ing with saline animals.

LPS administration induces changes in the immune cells 
of the brain
It is described that the activation of systemic inflam-
mation by acute treatment with LPS leads to neuro-
inflammation, reviewed in [13, 15, 16]. To evaluate 
LPS-induced neuroinflammation, we assessed the 
number and morphological changes of immune cells 
in the brain. For this purpose, immunohistochemis-
try using the IBA1, which labels microglial cells and 
macrophages, was performed in the motor cortex and 
the striatum of saline and LPS-injected animals, to 
evaluate the changes in microglia in two brain regions 
important for locomotion. In saline animals, IBA1-
positive cells showed classical morphological fea-
tures of homeostatic microglia cells, namely, small cell 
soma with long ramified processes (Fig.  4A, saline). 
This morphology contrasts with IBA1-positive cells 
observed in LPS-administrated animals, as these cells 
showed a significant reduction in ramifications, bigger 
soma, and the transition to a more ameboid-like mor-
phology (Fig.  4A, LPS). The number of IBA1-positive 
cells was significantly reduced in the motor cortex of 

Fig. 3 LPS administration induces gait changes observed in the Mousewalker test. A Mousewalker apparatus; B Average animal speed; 
C Gait frequency; D Stance duration; E Average Swing speed of the multiple cycles and front and hind limbs; F Average step length 
across the multiple cycles and front and hind limbs (G) Swing duration; H Single swing index; I Diagonal swing. Each dot represents one animal run 
through the MouseWalker apparatus. In total 17 animals per group are shown. Statistical differences are shown as ns: not statistically significant, 
*p<0.05, **p<0.01, ***p<0.001
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LPS-administered animals (Fig.  4B). Meanwhile, the 
changes in IBA1-positive cell morphology were dem-
onstrated by increased cell body area (Fig.  4C) and 
decreased ramification index indicating the reactive 
phenotype of microglial cells (Fig.  4D). By contrast 
with the motor cortex, no significant change in cell area 
(Fig.  4E, G), nor in the number of IBA1-positive cells 
was observed in the striatum (Fig. 4E, F). A significant 

decrease in ramification was observed in the stria-
tum (Fig. 4E, H), demonstrating that the striatum also 
showed significant alterations in microglia morphology. 
According to our data, the motor cortex was the most 
affected of the two regions evaluated. Overall, this data 
provides cell phenotypic evidence for the underlying 
LPS-induced neuroinflammation that could be respon-
sible for the cognitive and motor changes observed in 
LPS-administered animals.

Fig. 4 LPS administration led to morphological changes of IBA1-positive cells from a ramified to an ameboid morphology. A Representative 
image of IBA1-positive cells in the motor cortex. B Number of IBA1-positive cells in the motor cortex. Each dot represents one animal (n=4). C Cell 
area of IBA-1 positive cells in the motor cortex. Each dot represents one cell (n>100 cells per animal, n=4 animals per group). D Ramification index 
of IBA-1 positive cells in the motor cortex. Each dot represents one cell (n>100 cells per animal, n=4 animals per group) (E) Representative image 
of IBA1-positive cells in the striatum. F Number of IBA1-positive cells in the striatum. Each dot represents one animal (n=4). G Cell area of IBA-1 
positive cells in the striatum. Each dot represents one cell (n>100 cells per animal, n=4 animals per group) (H) Ramification index of IBA-1 positive 
cells in the striatum. Each dot represents one cell (n>100 cells per animal, n=4 animals per group). The average cell area and ramification index 
per animal were calculated and are shown in Supplementary Figure 2. Statistical differences in cell number, cell area, and ramification index were 
calculated as the average of 4 animals per group, as shown in Supplementary Figure 2. Statistical differences are shown as ***p<0.001, **p<0.01, 
*p<0.05, and ns- not significant
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LPS‑induced inflammation leads to a marked increase 
in cytokine production
To have an overview of the cytokine changes induced 
by LPS, thirteen cytokines (Supplementary Table  1) 
were analyzed from blood samples collected at 8h and 
blood and brain samples collected at 24h after LPS 

administration. Importantly, of the thirteen cytokines 
analyzed, only one, IL-12p70, was not detected in any of 
the samples from the two animal groups, and thus was 
not shown. A heatmap summarizing the LPS-induced 
cytokine changes, in log fold change, to control animals, 
is shown in Fig.  5A. Overall, the biggest differences in 

Fig. 5 Cytokine levels detected in the blood and brain of saline and LPS-administered animals. Blood cytokines were evaluated at 8h 
and 24h after injection while brain tissue was evaluated at 24 h after injections. The difference, in log fold change, in cytokine production 
of LPS-administered animals to control is shown in (A). The levels of CXCL1, TGFβ, IL-18, IL-23, CCL22, IL-10, IL-6, TNFα, G-CSF, CCL17, IL-12p40, 
and IL-1β are shown in (B) - (M) respectively. Each dot represents a single animal. Statistical differences are shown as ns: not significant, *p<0.05, 
**p<0.01, ***p<0.001
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LPS-induced cytokine production, in comparison to 
control animals were observed in the blood, while dif-
ferences in the brain were less pronounced (Fig.  5A). 
The cytokines with the greatest fold change difference 
to control animals were IL-6, IL-10, and IL-18 at both 
8h and 24h (Fig.  5A). Individual graphs showing the 
quantification of cytokines across all measured sam-
ples are shown in Fig. 5B-M. The concentrations of five 
cytokines, namely CXCL1 (Fig.  5B), CCL22 (Fig.  5F), 
CCL17(Fig. 5K), G-CSF (Fig. 5J), and IL-12p40 (Fig. 5L) 
were significantly higher in the LPS-administered mice, 
in comparison with the saline-administered mice, both in 
blood after 8h and 24h, and in the brain (Fig. 5). Notwith-
standing, two of these cytokines CXCL1 (Fig.  5B) and 
G-CSF (Fig. 5J) were below the limit of detection in saline 
animals at 24h in both blood and the brain (Fig. 5). IL-18 
was significantly increased in blood 8h post-LPS admin-
istration, yet it was not detected in the other samples 
across both saline and LPS groups (Fig.  5D). Regarding 
the concentrations of the remaining six cytokines, IL-10 
(Fig. 5G), IL-6 (Fig. 5H), TNFα (Fig. 5I), IL-1β (Fig. 5M), 
TGFβ (Fig. 5C), and IL-23 (Fig. 5E), the LPS group was 
significantly different from the saline group, in blood, 
both at 8h and 24h (Fig.  5). Nevertheless, there was no 
statistically significant difference in the concentrations 
detected in the brain for any of these cytokines, between 
the two groups (Fig. 5).

Looking within LPS-administered mice, it is impor-
tant to mention that most cytokines were significantly 
higher in blood at 8h in comparison with blood at 24h, 
suggesting a fast-release kinetic, with the exception being 
CXCL1 (Fig.  5B) and TGFβ (Fig.  5C), that were signifi-
cantly higher at the latter time point.

Blood and brain cytokines correlate with behavior changes
To understand and better visualize the relationship 
between the various cytokines across the two time points 
evaluated (blood at 8h and 24h) and the brain at 24h, and 
how they relate to the observed behavior changes, we 
performed a Pearson’s correlation matrix (Fig. 6).

Across the multiple cytokines and biofluids measured, 
CCL22, G-CSF, and CCL17 were the cytokines quantified 
in the brain with a higher number of significant (p<0.05) 
correlations. This fact could be expected since these three 
cytokines attract other immune cells, leading to the prop-
agation of the immune response. CCL17 was the cytokine 
with the highest number of significant correlations with 
other cytokines. This is corroborated by previous studies 
showing that CCL17-deficient mice showed a decreased 
inflammatory response [35]. Brain CCL17 correlated pos-
itively with IL-1β, IL-12p40, CCL17, G-CSF, TNFα, IL-6, 
CCL22 and CXCL1 in the blood at 24h. Brain CCL17 was 
also positively correlated with G-CSF, TNFα, IL6, IL-10, 

IL-23, and IL-18 in the blood at 8h and only negatively 
correlated with TGFβ. In the brain, CCL17 positively cor-
related with IL-12p40, G-CSF, CCL22, CXCL1.

Moreover, brain G-CSF correlated positively with 
CXCL1, IL-6, and CCL17 from the brain, and positively 
with IL-1β, CCL17, G-CSF, TNFα, IL-6, and CXCL1 pre-
sent in the blood at 24h, and positively with G-CSF, IL-6 
and negatively with TGFβ in blood at 8h. Brain CCL22 
correlated with G-CSF and IL-6 in blood at 24h and 
IL-1β, IL-12p40, G-CSF, IL-6, IL-10, IL-23, IL-18, TGFβ 
in the blood at 8h. From these cytokines, only TGFβ was 
negatively associated with CCL22. In the brain, CCL22 
was significantly correlated with CCL17 and IL-12p40.

In the blood, at 8 h after LPS administration CXCL1, 
IL-6 and IL-23 showed the highest number of significant 
(p<0.05) correlations. Circulating CXCL1 correlated with 
IL-1β, IL-12p40, CCL17, IL-6, IL-10, CCL22, IL-23 also 
circulating at 8h, and with CCL17, IL-10, CCL22 and 
IL-23 in the blood at 24h. Blood IL-6 correlated with 
IL-1β, IL-12p40, CCL17, G-CSF, and TNFα in the same 
biofluid at 8h and with IL-12p40, CCL17, G-CSF, TNFα, 
IL-6, IL-10, CCL22, IL-23 in the blood at 24h. Mean-
while, IL-23 correlated with IL-1β, IL-12p40, CCL17, 
G-CSF, IL-6, IL-10 and CCL22 in the blood at 8 h and 
with CCL17, G-CSF, IL-6, IL-10, CCL22, IL-23 in the 
blood at 24h.

Regarding the blood at 24h, G-CSF was the cytokine 
with the highest number of significant (p<0.05) correla-
tions. G-CSF blood levels at 24h correlated with CXCL1, 
CCL22, G-CSF, CCL17 and IL-12p40 in the brain, with 
CXCL1, TGFβ, IL-18, IL-23, IL-10, IL-6, TNFα, G-CSF, 
CCL17, IL-12p40 and IL-1β in the blood at 8h and IL-23, 
CCL22, IL-10, IL-6 and TNFα in the blood at 24h. Note-
worthy, G-CSF was negatively correlated with TGFβ lev-
els in the blood at 8h after LPS administration.

Regarding behavior, all cytokines quantified in blood at 
8h, the endpoint of the behavioral tests, were negatively 
correlated with distance traveled in the open field appa-
ratus, apart from brain TGFβ which was positively corre-
lated. A negative correlation was also observed between 
distance traveled in the open field and the quantified lev-
els of CXCL1, IL-23, CCL22, IL-10, IL6, TNFα, G-CSF, 
CCL17, and IL-1β in blood and CXCL1, CCL22, G-CSF, 
CCL17 and IL-12p40 in the brain, both 24h after LPS 
injection.

Importantly, G-CSF detected in blood at 8h and 24h 
after LPS administration showed the strongest negative 
correlation with open field distance traveled, Rotarod 
distance achieved, and number of visits to arms in 
the Y-Maze apparatus. G-CSF levels in the brain were 
also negatively correlated with these parameters. In 
the brain, CCL22 showed the highest negative corre-
lation with open field distance together with Rotarod 
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distance and number of visits to arms in the Y-Maze. 
CCL17, G-CSF, and IL-12p40 in the brain also showed 
a significant negative correlation with the distance 
traveled in the open field. Noteworthy, the same trend 

was observed for the distance traveled in Rotarod and 
the number of visits to arms in the Y-Maze appara-
tus. Interestingly across these three tests, TGFβ in the 
blood at 8h was the only cytokine that positively cor-
related with an improved behavior outcome.

Fig. 6 Pearson’s correlation between cytokines detected in the brain and blood and behavior shows that most blood cytokines negatively correlate 
with behavior apart from TGFβ. Circles represent a correlation p<0.05, while squares represent a correlation with a p>0.05. Blue color represents 
a positive Pearson’s correlation while red represents a negative Pearson correlation and white no correlation, see figure legend. O.P distance – Open 
Field distance; I.O. interaction – Introduced objected interaction time; Rot. Distance - Rotarod distance; Y-Maze arms – Number of visits to arms 
in the Y-Maze test
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Overall, most blood cytokines negatively impact behav-
ior, except for blood TGFβ, indicating higher levels of 
TGFβ might be associated with better performance in 
certain behavioral tests. In the end, the results point out 
that higher levels of cytokines in the blood are associated 
with poorer performance in behavioral tests, an informa-
tion that could be crucial for understanding the relation-
ship between immune signaling and behavior.

Discussion
LPS is one of the most useful and used models to study 
mechanisms and therapies for tackling both systemic 
and brain inflammation. Nonetheless, many aspects are 
still to be unveiled. Changes in body weight and food 
intake have been noted as sickness behavior, but poorly 
quantified. However, symptoms of sickness behavior are 
important for cases where patients have co-morbidities 
like obesity and diabetes, or for aged patients. The role 
of locomotion and motoric behavior changes induced 
by LPS has also been ignored in several studies looking 
exclusively at anxiety, depression, or memory. Moreover, 
the role of inflammatory cytokines on behavior changes, 
namely locomotion has also been largely overlooked.

In this study, we have successfully addressed these con-
cerns by quantifying the large changes in body weight, 
food intake, and blood glucose levels of LPS-adminis-
tered animals. Meanwhile, our behavioral results shown 
that locomotion was significantly affected in LPS-admin-
istered animals, combining the results of different behav-
ior tests, especially those exclusively pointed to measure 
locomotion, namely rotarod and MouseWalker, with oth-
ers, like Open Field, Introduced object, home cage moni-
toring, and Y-Maze. Simultaneously, cytokine analysis 
has shown the involvement of TGFβ in the outcome of 
the behavior tests performed.

Changes in behavior due to LPS administration have 
been previously reported on the LPS model of neuroin-
flammation [24, 32, 36]. Our study has shown, that LPS 
induces a rapid decrease in locomotion, as soon as 1h 
after LPS administration that was extended to reduced 
distance traveled on the Y-Maze. This decrease was 
also observed by Berkowitz and colleagues [32], using 
a higher dose of 1 mg/kg of LPS, yet not found in other 
studies like the one performed by Arai and colleagues 
using a similar LPS dose (0.80 mg/kg) [36, 37], or stud-
ies using intracerebroventricular injection of LPS 
[38]. We also observed that LPS administration led to 
a significant decrease in overall distance traveled cul-
minating with a decrease in time exploring the object 
in the Open field. Using similar LPS doses, a decrease 
in exploration has been reported in the literature and 
described as possible anxiogenic [39], or depression 
behavior [40]. However, our results on rotarod and 

MouseWalker suggest that locomotion may play a big-
ger role. These differences in rotarod may however be 
dependent on dose and time as no significant decrease 
in the distance traveled on the rotarod was observed by 
Berkowitz and colleagues. Although their study used a 
similar LPS dose (1 mg/kg BW), the rotarod test was 
only performed 5 days after the LPS injection [32], sug-
gesting that decreased locomotion can be limited to the 
first hours after LPS administration [39]. Our use of the 
MouseWalker system is novel, providing the first data 
on gait changes in an LPS-induced neuroinflammation 
model via i.p. Only one study focused on evaluating gait 
changes using an LPS-induced model of monoarthri-
tis in mice by injecting 10 µg of LPS intra-articularly 
into the right hind limb [41]. Our results showed that 
mice under LPS administration had a decrease in aver-
age speed achieved, culminating in the decrease of the 
remaining parameters observed. Altogether the param-
eters analyzed, especially the single swing index, sug-
gest that LPS-administered animals required stronger 
leg support while walking. Interestingly, analyzing all 
parameters corrected for the speed achieved by the 
animals showed that the changes observed in Mouse-
Walker were only explained by the lower average veloc-
ity achieved by LPS-administered animals. Importantly, 
this decrease in average velocity was also described in 
LPS-administered human volunteers [42].

Analysis of the changes in the number and morphol-
ogy of IBA1-positive cells has been widely performed 
to measure the reactivity of microglia cells, upon an 
inflammatory stimulus [43]. In our study, we evalu-
ated the changes in the motor cortex and striatum, two 
lesser-studied regions, related to motor behavior. Our 
data shows a significant decrease in the ramification 
index in the motor cortex and striatum, this transition 
to bushy or ameboid-like cell morphology is indicative 
of microglia cell response as already observed in other 
LPS-induced models of neuroinflammation studies [44]. 
Strikingly, upon measuring the number of IBA1-positive 
cells, we observed a significant decrease in the number 
of cells in the motor cortex. This was unexpected since 
several reports have shown an increase in the number of 
microglia upon LPS administration, in regions like the 
hippocampus, a contrasting phenotype to our observa-
tions in the motor cortex. However, it has been shown 
that lower dose LPS-induced inflammation in the brain 
triggers a numerical reduction of microglial cells in the 
mouse cortex [45]. At the same time, another study using 
intracerebral injection of LPS has shown changes to 
microglia morphology in the cortex, while no changes in 
numbers were observed during the 24h [46]. The cause 
of reduced IBA1-positive cell numbers observed in the 
cortex after the LPS injection remains poorly understood 
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and further studies analyzing this phenomenon are 
necessary.

Cytokines have been widely used as a measure of 
inflammation and inflammatory response [47]. Previ-
ous studies using LPS models of neuroinflammation only 
measured a limited number of cytokines levels in blood 
and brain, TNFα, IL-6, IL-10, and IL-1β, as reviewed in 
[15]. Moreover, this quantification was sometimes not 
reflected in protein levels but observed only through 
changes in mRNA levels [15]. In this study, we evaluated 
the protein levels of a panel of thirteen cytokines achiev-
ing a more comprehensive overview of the inflammatory 
signals present after LPS insult. Although in our study, 
cytokines like TNFα, IL-1β, IL-23, and IL-18 and the 
anti-inflammatory cytokine IL-10 were not significantly 
increased by LPS in the brain samples, this phenome-
non has been also observed in several previous studies. 
According to Page and colleagues (2014), mice injected 
with LPS had no significant increase in the production 
of IL-1β and TNFα [48]. Similarly, LaFerla et  al. (2005), 
found no increase in TNFα using a similar stimulus [49]. 
Meanwhile, several lesser-studied cytokines like CXCL1, 
IL-12p40, CCL17, CCL22, and G-CSF were significantly 
changed in LPS-administered mice in our study. Both 
CXCL1 and [50] IL-12p40 are chemoattractant for mac-
rophages [51]. CCL17 and CCL22 are two cytokines that 
bind the CCR4 receptor and are mainly known to be 
involved in T lymphocyte chemotaxis. G-CSF can have 
pleiotropic effects, but the significantly higher levels in 
the brain and blood suggest that neuroinflammation was 
triggered in these mice [50, 52, 53].

Despite not being significantly modulated in the 
brain, TNFα, IL-1β, IL-18, and IL-10 were significantly 
increased in blood at 8h, and TNFα and IL-10 increased 
at 24h after LPS administration. Noteworthy, this 
increase was higher at 8h in comparison with 24h. This 
was expected following previous studies demonstrat-
ing that an increase in inflammatory cytokines occurs in 
the first hours after LPS insult [54]. Also, this might be 
an explanation why no major changes of these cytokines 
have been observed in the brain samples 24h after insult 
with LPS.

Due to the comprehensive quantification of the 
cytokines, it was possible to perform a correlation across 
all cytokines. Critically, we observed that in the brain, 
CCL17 followed by CCL22 were the cytokines that cor-
related with a higher number of other cytokines in the 
blood and brain. Interestingly these two cytokines have 
been identified as partners in the chemotaxis of T lym-
phocytes and share the same chemokine receptor CCR4 
[53]. Also, mice deficient in CCR4 have been shown to 
have a significantly lower response to LPS [35]. The 
CCL17 and CCL22 have been previously shown to be 

increased in C57BL/6J mice administered with LPS [35], 
while CCL17 deficient mice administered with LPS had 
a lower number of microglia in comparison with wild-
type C57BL/6J administered with LPS [35], suggesting 
the potential of these two cytokines to propagate neuro-
inflammation. CCL17 and CCL22 have also been associ-
ated with autoimmunity and Multiple Sclerosis [53].

Interestingly, TGFβ was the only cytokine that showed 
a negative correlation with other cytokines. TGFβ is 
described as a potent immunosuppressive and anti-
inflammatory cytokine capable of modulating lympho-
cyte activity [52]. The capability of TGFβ to modulate 
G-CSF has been described [52, 55]. The potential role 
of TGFβ on neurodegenerative diseases has also been 
reviewed in [56]. Interestingly, in our study, from the 
cytokines measured at 8h in the blood, after finishing 
behavior tests, only TGFβ showed a positive correlation 
with open field distance, rotarod distance, and number 
of visits to arms on the Y maze, meaning higher levels of 
TGFβ may lead to an improved behavior outcome [56].

The role of individual inflammatory circulating 
cytokines on molecular and behavioral alterations is 
an interesting research field. The clinical influence of 
cytokines has been a significant focus of research [57]. 
The impact of inflammatory cytokines like IL-1β on sev-
eral pathologies has been pointed [58]. Studies in humans 
administered with LPS have also shown that circulat-
ing IL-6 is related to motoric changes [42]. The clinical 
role of TGFβ should also be pursued in the future, yet 
it is important to note that in  vivo many cytokines are 
simultaneously generated, having distinct and cumulative 
effects, that work in tandem with hormones and neuro-
transmitters. Thus, the study of individual cytokines, like 
TGFβ, will require a comprehensive evaluation of the 
vast array of cytokines produced by the different immune 
cells, including microglia, macrophages, neutrophils, 
and many more, to understand the complex immune 
response and how it can be modulated. Overall, in our 
study, we have investigated twelve cytokines and how 
they relate to locomotion changes, pointing out TGFβ 
as a possible prognostic tool for improved behavior per-
formance, while hinting that therapies to increase this 
cytokine may be perused in future clinical tests.

Conclusions
In this study, we successfully showed an LPS model of 
neuroinflammation capable of exhibiting differences in a 
battery of behavioral tests, while managing to quantify a 
panel of inflammatory cytokines in both blood and brain. 
The LPS dose used induced mainly locomotor changes. 
Moreover, the analysis of thirteen cytokines in the blood 
together with the brain allowed us to understand the 
kinetics of these cytokines, the dynamics between blood 
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and brain, and their correlations with behavior. By doing 
so we enhanced the knowledge of the behavior-cytokine 
changes induced during neuroinflammation culminating 
in the highlight of TGFβ as a future prognostic and thera-
peutical target for neuroinflammation-induced behavio-
ral changes, like in sepsis, and other neuroinflammatory 
conditions.
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