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Aim: This study aimed to observe the effects of lipopolysaccharide (LPS)

intraperitoneal (i.p.) injection on rats and investigate how neuroinflammation

contributes to the pathogenesis of depression in Parkinson’s disease (dPD).

Methods: Rats were administered LPS (0.5 mg/kg, i.p.) for either 1, 2, or

4 consecutive days to establish a rat model of dPD. The sucrose preference

test (SPT), the open field test (OFT), and the rotarod test evaluated depression-

like and motor behaviors. Magnetic resonance imaging was used to detect

alterations in the intrinsic activity and the integrity of white matter fibers in the

brain. The expression of c-Fos, ionized calcium-binding adapter molecule (Iba-

1), and tyrosine hydroxylase (TH) was evaluated using immunohistochemistry.

The concentration of interleukin-6 (IL-6), tumor necrosis factor (TNF-α), and
interleukin-10 (IL-10) was measured using Luminex technology.

Results: LPS i.p. injections decreased sucrose preference in the SPT, horizontal and

center distance in the OFT, and standing time in the rotarod test. The intrinsic

activities in the hippocampus (HIP) were significantly reduced in the LPS-4 d

group. The integrity of white matter fibers was greatly destroyed within 4 days of

LPS treatment. The expression of c-Fos and Iba-1 in the prefrontal cortex, HIP, and

substantia nigra increased dramatically, and the number of TH+ neurons in the

substantia nigra decreased considerably after LPS injection. The levels of IL-6, TNF-

α, and IL-10 were higher in the LPS-4 d group than those in the control group.

Conclusion: Injection of LPS (0.5 mg/kg, i.p.) for 4 consecutive days can activate

microglia, cause the release of inflammatory cytokines, reduce intrinsic

activities in the HIP, destroy the integrity of white matter fibers, induce

anhedonia and behavioral despair, and finally lead to dPD. This study proved

that LPS injection (0.5 mg/kg, i.p.) for 4 consecutive days could be used to

successfully create a rat model of dPD.
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1 Introduction

Depression is a common complication of Parkinson’s disease

(PD); approximately 30–40% of patients with PD have

depression (Menon et al., 2015). Depressive symptoms are

related to the severity of dyskinesia and may appear earlier

than dyskinesia. Depression in PD (dPD) could damage the

abilities of daily living and accelerate the progression of PD (Song

et al., 2014). At present, the pathogenesis of dPD is not clear;

however, substantial experimental evidence has shown that

neuroinflammation can induce dPD (Felger et al., 2020; M.

Guo et al., 2020). The activation of glial cells (especially

microglia and astrocytes) causes the release of various

inflammatory cytokines and neurotoxic factors (J. Guo et al.,

2021). The neuronal loss will eventually lead to dPD. These

findings encourage researchers to explore the pathogenesis of

dPD from a broader perspective.

Establishing a successful animal model of dPD is crucial for

its study and treatment. For the analysis of the dPD animal

model, most researchers have used 6-hydroxydopamine, 1-

methyl-4-phenyl-1,2,3,6-tetrahydropyridine, and rotenone to

establish a PD model (Airavaara et al., 2020). A model of

depression model was established mainly through chronic

restraint stress or chronic unpredictable mild stress (CUMS)

(Hao et al., 2019). However, these modeling methods are used

primarily to simulate PD and depression symptoms but cannot

fully explain the pathogenesis of dPD from the perspective of

neuroinflammation. In contrast, injecting animals with

lipopolysaccharide (LPS) is largely recognized and used to

investigate the mechanism of inflammation. Much

experimental evidence has confirmed that LPS activates glial

cells (especially microglia) and causes the release of various

inflammatory cytokines and neurotoxic factors, leading to

neuroinflammation and neuronal loss in dPD (Kobayashi

et al., 2013; Walker et al., 2014; M. Guo et al., 2020). In the

presence of microglia, LPS-induced dopaminergic neuronal

toxicity was twice as high as that induced by 6-

hydroxydopamine, and tyrosine hydroxylase (TH)+ neurons

were significantly more sensitive to LPS neurotoxicity than

were TH− neurons (O’Neill et al., 2020; Parra et al., 2020).

Because microglial activation plays a crucial role in

neuroinflammation, we speculated that it might play a critical

role in the pathogenesis of dPD. Therefore, this study adopted the

LPS i.p. injection to create a model of dPD in rats and focused on

evaluating microglial activation through the observation of

ethology, neuroimaging through magnetic resonance imaging

(MRI) technology, pathological morphological changes, and

inflammatory cytokines. The dPD rat model was characterized

in detail to provide a theoretical basis for the pathogenesis and

treatment of dPD.

2 Materials and methods

2.1 Animals

Male Sprague-Dawley rats weighing 180–200 g (n = 42) were

obtained from the Animal Experiment Centre of Capital Medical

University, Beijing, China. Before starting the experiment, the

rats were fed under standard feeding conditions (room

temperature of 25°C, relative humidity 50%, 12-h light/dark

cycle), and provided free access to food and water. The

experiment was approved by the Experimental Animal

Welfare and Ethics Committee of Capital Medical University

(Animal Ethical Clearance Number: AEEI-2021-091).

2.2 Chemicals and instruments

LPS (Escherichia coli, serotype 055:B5) was purchased from

Sigma-Aldrich (St. Louis, MO, United States). Thermo Pierce

TM BCA Protein Assay Kit was purchased from Thermo

Scientific (Kit Lot: TH269576; Waltham, MA, United States).

MILLIPLEX® Rat Cytokine/Chemokine Magnetic Bead Panel

RECYTMAG-65K was purchased from Merck Millipore (Kit

Lot: 3828876; Burlington, MA, United States). c-Fos antibody

(ab208942) was purchased from Abcam (Cambridge,

United Kingdom). Tyrosine hydroxylase (TH) antibody

(25859-1-AP), ionized calcium-binding adapter molecule (Iba-

1) antibody (10904-1-AP), secondary antibodies, and

horseradish peroxidase-streptavidin (PK10006) were

purchased from Proteintech (Rosemont, IL, United States).

2.3 Animal grouping and modeling

Forty-two Sprague-Dawley rats were adaptively fed for 3 days,

which was followed by an open field test (OFT). The rats whose

autonomic activity times deviated significantly from the average

were excluded. The remaining rats (n = 40) were randomly divided

into four groups (n = 10/group): the control group (Control), LPS

i.p. injection for 1 day group (LPS-1 d), LPS i.p. injection for 2 days

group (LPS-2 d), and LPS i.p. injection for 4 days group (LPS-4 d).

LPS was dissolved in sterile 0.9% saline at a 1 mg/ml concentration

and injected into the rats at a dosage of 0.5 mg/kg, i.p., for 1 day or

2 or 4 consecutive days to create the dPD rat model. The dose was

based on previously reported studies (Cui et al., 2018). In addition,

rats in the control groupwere given a corresponding volume of 0.9%

saline in the same manner. Twenty-four hours after the last LPS

injection, all rats were subjected to behavioral and MRI testing, and

samples were taken immediately after completion. The specific

process is shown in Figure 1.
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2.4 Behavioral tests

The four groups were subjected to the sucrose preference test

(SPT), OFT, and the rotarod test 24 h after the last injection of LPS to

verify the effect of LPS on depression-like and motor behaviors.

2.4.1 Sucrose preference test
The SPT was used to test the animals’ reactivity to reward.

For the first 24 h, all rats were given two bottles containing a 1%

sucrose solution; for the second 24 h, the rats were provided with

a bottle of water and a bottle containing 1% sucrose solution. At

the 12th hour, the two bottles’ positions were changed. All rats

were then deprived of water for 24 h, and the rats were given a

bottle of 1% sucrose solution and a bottle of pure water. After

12 h, the bottles were removed, weighed, and the consumption of

sucrose solution and pure water consumption was recorded.

2.4.2 Open field test
The OFT was used to evaluate rats’ exploratory behavior and

spontaneous movement ability. The experiment was conducted in a

quiet environment and the rats were allowed to acclimatize to the

laboratory for at least 10 min. The rats were placed in the center of the

bottom in the open field reaction box and the cameras and timing

equipment were set up. All movement distances of each rat within

5 min andmovement distances to the central area were observed and

recorded. After the experiment, each rat waswiped cleanwith alcohol

to avoid the influence of residual odor on the next rat. After the OFT

of all rats, the test results were recorded and statistical processing of

the experimental data were accomplished with SuperMaze 2.0

(Xinruan Information and Technology, Shanghai, China).

2.4.3 Rotarod test
The rotarod test requires animals to keep balance on a

rotating axis and move continuously. The test is a widely used

experiment to test the coordination of movement. The Rat

RotaRod NG (47750; Ugo Basile, Gemonio, Italy) is composed

of a rotating shaft and four independent compartments. Each rat

was trained four times, 3 days before the experiment. In the

formal rod rotation experiment, rats were placed on the rod

rotation apparatus for 10 s and the recording was started when

their gait was stable and balance was maintained. The rotation

speed was accelerated from 5 rpm/min to 40 rpm/min within

1 min, and the standing time was recorded. If the rats did not fall,

the maximum testing period was 300 s. After each detection, the

rats were put back into the cage to rest for 1 min and tested seven

times consecutively. The maximum and minimum values were

removed and the values of the remaining five times were

averaged.

2.5 Magnetic resonance imaging

2.5.1 Magnetic resonance imaging data
acquisition

Twelve rats (six in the control group and six in the LPS-4 d

group), were included in the current study. All animals were

FIGURE 1
Experimental flow diagram.
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anesthetized using an isoflurane vaporizer set at 5% for induction

and 2% during the MRI scanning. Data were acquired using a

7.0 T MR scanner (Bruker BioSpec GmbH, Rheinstetten,

Germany) at the Capital Medical University. The following

sequences were acquired: T2-weighted rapid acquisition with

relaxation enhancement [Repetition time (TR): 5600 ms, echo

time (TE): 36 ms, rare factor (RF): 8, slice thickness: 1 mm, slice

gap: 0, number of averages: 2, field of view (FOV): 3.2 cm ×

3.2 cm, matrix size: 256 × 256 voxels], the resting-state functional

magnetic resonance imaging (R-fMRI) (TR: 2000 ms, TE: 13 ms,

flip angle: 90°, slice thickness: 1 mm, slice gap: 0, number of

averages: 1, FOV: 2.5 cm × 2.0 cm, matrix size: 80 × 64 voxels)

and the echo-planar diffusion tensor imaging (DTI) (TR:

6250 ms, TE: 23 ms, b-value: 1000 s/mm2, 30 diffusion

directions, four segments, 1/δ: 5 ms, slice thickness: 1 mm,

interslice distance: 0 mm, number of averages: 1, FOV:

3.3 cm × 3.3 cm, matrix size: 128 × 128 voxels). Each rat’s

structural MRI scanning procedure lasted about 10 min, then the

R-fMRI scanning (13 min and 50 s) and the DTI scanning

(16 min and 40 s) were started. Each rat’s respiration was

continuously measured with a pressure transducer placed on

the abdomen below the ribcage during the scanning. The

isoflurane might be slightly adjusted to maintain a safe

respiration rate (40–50 breaths/min).

2.5.2 Resting-state functional magnetic
resonance imaging data processing

Data processing was performed using the Data Processing

& Analysis for Brain Imaging (DPABI) (Yan et al., 2016) and

Statistical Parametric Mapping (SPM12, https://www.fil.ion.

ucl.ac.uk/spm) tools. The voxel dimensions of anatomical

and echo-planar images were scaled by a constant factor of

10 to optimize their utilization in standard neuroimaging

software packages designed for human imaging. Then, the

first 10 volumes of echo-planar images were discarded to

allow magnetization to reach a steady state. After slice-

timing correction, all volumes were realigned to the first

volume, and all rats displayed maximal translational and

rotational head motion less than 2 mm or 2°. The echo-

planar images were then co-registered into the Paxinos

template. After that, the images were smoothed with a full

width-half maximum kernel at 2 mm and filtered by a 0.01–0.

1 Hz band-pass filter. Finally, regression of six head motion

parameters and linear trends were conducted to minimize the

influence of nuisance covariates.

2.5.3 Amplitude of low-frequency fluctuations
analysis

We computed the amplitude of low-frequency fluctuations

(ALFF) for each rat. First, the time series was converted to the

frequency domain using a fast Fourier transform algorithm, and

the averaged square root across 0.01–0.08 Hz (in contrast with

the whole frequency domain) was used to compute ALFF at each

voxel (Zang et al., 2007). Finally, ALFF was transformed to a Z

score to improve the normality for subsequent group

comparison.

2.5.4 Statistical analysis
T-tests for two independent samples were performed to

determine the ALFF differences between the control and LPS-

4 d groups. The statistical threshold was set at the individual

voxel p < 0.005 with a cluster size > 6.

2.5.5 Diffusion tensor imaging analysis
DTI was processed with ParaVision Version 5.1 (RRID:

SCR_001964) software. Subsequently, the fractional anisotropy

(FA), mean diffusivity (MD), and the tracer of nerve fibers were

created. Regions of interest were drawn on each slice to segment

the bilateral hippocampus (HIP), bilateral prefrontal cortex

(PFC), bilateral ventral tegmental area (VTA), and dorsal

raphe nucleus (DRN). The average FA and MD values were

calculated for the segmented bilateral HIP, bilateral PFC, bilateral

VTA, and DRN.

2.6 Immunohistochemistry

Four-micrometer coronal brain sections were sliced using a

cryostat (Thermo Fisher, United States). The brain sections were

immunostained using standard avidin-biotin

immunohistochemical protocols. The paraffin slices were

sequentially soaked in the following: xylene I and xylene II for

15 min to remove the paraffin and 100% ethanol I, 100% ethanol

II, 95% ethanol, and 80% ethanol for 5 min each. The sections

were rinsed with phosphate-buffered saline three times for 3 min

and then rinsed with distilled water for 1 min. The slices were

incubated with antigen retrieval reagent, peroxidase suppressor,

and 5% goat serum for 30 to block nonspecific binding. Then the

sections were incubated for one night with a specific primary

antibody: a rat monoclonal c-Fos antibody (Abcam,

United Kingdom) diluted 1:1000, a rat polyclonal anti-TH

(Proteintech, United States) diluted 1:500, and a rat polyclonal

anti-allograft inflammatory factor 1 (Iba-1) (Proteintech) diluted

1:400. After careful washing (3 × phosphate-buffered saline

rinses), the sections were incubated first with the secondary

antibody (Proteintech) at room temperature for 1 h, HRP-

streptavidin (Proteintech), and diaminobenzidine (DAB)

(0.5 mg/ml) complex for 5 min. After being washed, the

sections were mounted on gelatin-coated slides, air-dried,

dehydrated in ascending ethanol concentrations, cleared with

xylene, and coverslipped under neutral gum. Controls underwent

the same procedures confirm the specificity of the primary and

secondary antibodies. The slices were observed using a

microscope, and the average optical density (AOD) was

analyzed with ImageJ software (v. 1.8.0; RRID: SCR_003070;

NIH, United States). Immunohistochemical analysis was
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performed by two experimenters blinded to reduce any

perceived bias.

2.7 Luminex

The HIP was homogenized and the homogenate was used

to determine protein concentration with the BCA kit. The

concentrations of IL-6, TNF-α, and IL-10 in the HIP were

determined with a Luminex instrument according to the

manufacturer’s instructions. The specific steps were as

follows. Briefly, the steps were as follows. The Luminex

instrument uses 96-well plates. A standard curve was

generated using 25 μl of standards or controls (assay buffer

for the 0 ng/ml standard) in the appropriate wells. Diluted (1:

2) HIP samples (25 μl) were added to the appropriate wells.

Mixed beads were added to each well. The plate was sealed,

wrapped with foil, and incubated with agitation for 2 h at

20–25°C. Streptavidin-phycoerythrin was added to each well

containing the 25 μl of detection antibodies. The plate was

sealed, covered, and agitated as in the earlier step, except for

only 30 min. The well contents were removed. The plate was

washed and the Sheath Fluid PLUS (125 μl) was added to all

wells. The beads were resuspended on a plate shaker for

5 min. The plate was then run on a Luminex instrument.

The mean fluorescent intensity data was analyzed using a 5-

parameter logistic or spline curve-fitting method to

calculate the IL-6, TNF-α, and IL-10 concentrations in the

samples.

2.8 Statistical analysis

GraphPad Prism 9 (v.9; RRID:SCR_002798; San Diego,

CA, United States) was used for statistical analysis.

Differences between groups were tested using one-way

analysis of variance followed by the Tukey’s post hoc test

or Brown-Forsythe analysis of variance test followed by

Dunnett’s T3 multiple comparisons test if the data were

not normally distributed. The data are expressed as the

mean ± SEM. p < 0.05 was considered statistically significant.

3 Results

3.1 Behavioral tests results

Significant differences in sucrose preference (%) across

groups were observed in the SPT (F = 110.8, p < 0.0001,

Figure 2A). The total horizontal distance in the OFT (F =

105.4, p < 0.0001, Figure 2B), center area distance in the OFT

(F = 14.1, p < 0.0001, Figure 2C), and the standing time in the

rotarod test (F = 48.89, p < 0.0001, Figure 2D) were

significantly different. Multiple comparisons suggested

that the sucrose preference (%) (p < 0.0001, Figure 2A),

the total horizontal distance (p < 0.0001, Figure 2B) and

center area distance (p = 0.0008, Figure 2C), and the standing

time (p < 0.0001, Figure 2D) were lower in the LPS-4 d group

than those in the control group. The sucrose preference (%)

(p = 0.0023, Figure 2A), the total horizontal distance (p <
0.0001, Figure 2B), and the standing time (p = 0.0109,

Figure 2D) were significantly lower in the LPS-2 d group

than those in the control group, whereas there was not

statistically significant difference in the center area

distance. The sucrose preference (%) (p = 0.0001,

Figure 2A) and the total horizontal distance (p = 0.0018,

Figure 2B) were also lower in the LPS-1 d group than those in

the control group; other results were not statistically

significant.

3.2 Intrinsic activity alterations

In the ALFF analysis of the HIP, intrinsic activity alterations

indexed by ALFF were shown to be significantly lower in the LPS-

4 d group than those in the control group (p < 0.005, cluster size >
6, Figure 3).

3.3 Diffusion tensor imaging results

The DTI results showed that the FA values of the bilateral

HIP, the bilateral PFC, the bilateral VTA, and the DRN of rats

in the LPS-4 d group were significantly lower than those in

the control group (F = 285, p < 0.0001; Left HIP, p = 0.0009;

Right HIP, p = 0.002; p < 0.0001 for Left PFC, Right PFC, Left

VTA, Right VTA, and DRN; Figure 4A). In contrast, the MD

values were significantly higher (F = 147.2, p < 0.0001; Left

HIP, p = 0.0077; Right HIP, p = 0.0026; Left PFC, p = 0.0009;

Right PFC, p = 0.0014; Left VTA, p = 0.0003; Right VTA and

DRN, p < 0.0001; Figure 4B). Figures 5, 6 show the display

diagram of FA values and MD values in the control and LPS-4

d groups. Figure 7 shows the tracing of nerve fibers in the

control and LPS-4 d groups.

3.4 c-Fos expression

Figure 8 depict the expression of c-Fos in the PFC, HIP,

and substantia nigra (SN) for all groups. These groups had

distinctly significant differences (F = 278.7, p < 0.0001,

Figure 8). There was no statistical significance in the c-Fos

expression in the PFC, HIP, and SN in the LPS-1 d group

compared to the control group. The c-Fos expression in the

PFC (p = 0.0153) and SN (p = 0.0316) was significantly higher

in the LPS-2 d group than that in the control group; there was
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no statistical significance in the HIP. Moreover, the c-Fos

expression in the PFC (p = 0.0013), HIP (p = 0.0069), and SN

(p = 0.0001) were significantly higher in the LPS-4 d group

than that in the control group.

3.5 Ionized calcium-binding adapter
molecule 1 expression

Significant differences in Iba-1 expression were observed

across groups (F = 192.2, p < 0.0001, Figure 9). There was no

statistical significance in Iba-1 expression in the PFC, HIP, SN,

and amygdala in the LPS-1 d group compared to that in the

control group. Iba-1 expression in the HIP (p = 0.0003), SN (p =

0.0142), and amygdala (p = 0.0315) was significantly higher in the

LPS-2 d group than that in the control group, whereas there was

no statistical significance in the PFC. In the LPS-4 d group, Iba-1

expression in the PFC (p = 0.0084), HIP (p = 0.002), SN (p =

0.0311), and amygdala (p = 0.0099) was dramatically higher than

that in the control group.

3.6 TH+ neurons

Figure 10 depict the TH+ neuron staining and TH+

expression in the SN for all groups (F = 12.25, p = 0.0025,

Figure 11). In the SN, LPS injection (i.p.) caused a 23% (p =

0.0062) reduction of TH+ neurons at 2 d and 28% (p = 0.0018) at

4 d compared to the control group. However, the LPS-1 d group

showed no statistical significance in the number of TH+ neurons

when compared to the control group.

3.7 Concentrations of interleukin-6, tumor
necrosis factor, and interleukin-10

The unpaired t-test indicated that in the HIP, the LPS-4 d

group had higher concentrations of IL-6 (t = 2.842, p = 0.0175,

Figure 11A), TNF-α (t = 2.561, p = 0.0283, Figure 11B), and IL-10

(t = 2.642, p = 0.0247, Figure 11C) than that in the control group.

4 Discussion

Depression is common and often associated with PD (Kano

et al., 2011). Depression is not only a risk factor for PD but is also

closely related to the progression and severity of PD (Gustafsson

et al., 2015). Depressive symptoms occur in about 40% of patients

with PD (Jacob et al., 2010). Furthermore, about 20% of patients

are already depressed when they are diagnosed with PD (Shiba

et al., 2000). Animal studies can help to understand the

FIGURE 2
Behavioral tests results. (A) Sucrose preference in the sucrose preference test (SPT). (B) Total horizontal distance (mm) in the open field test
(OFT). (C) Center area distance (mm) in OFT. (D) Standing time (s) in the rotarod test. Data are expressed as the mean ± SEM (n = 10).*p < 0.05, **p <
0.01, ***p < 0.005, ****p < 0.001, compared to the control group.

FIGURE 3
Differences in amplitude of low-frequency oscillations (ALFF)
between the control and LPS-4 d groups. The statistical threshold
was set at cluster size > 6, which corresponds to a corrected p <
0.005.
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FIGURE 4
Diffusion tensor imaging (DTI) analysis of the bilateral hippocampus (L HIP, R HIP), prefrontal cortex (L PFC, R PFC), ventral tegmental area (L
VTA, R VTA), and dorsal raphe nucleus (DRN) in the control group and the LPS-4 d group. (A) Fractional anisotropy (FA) in the control group and the
LPS-4 d group. (B)Mean diffusivity (MD) in the control group and the LPS-4 d group. Data are expressed as themean ± SEM (n = 6). **p < 0.01, ***p <
0.005, ****p < 0.001, compared to the control group.

FIGURE 5
Display diagram of FA values (n = 6). (A) Display diagram of FA values in the prefrontal cortex (PFC), hippocampus (HIP), and ventral tegmental
area (VTA) in the control group. (B) Display diagram of FA values in the dorsal raphe nucleus (DRN) in the control group. (C) Display diagram of FA
values in the PFC, HIP, and VTA in the LPS-4 d group. (D)Display diagram of FA values in the DRN in the LPS-4 d group. The red outlines indicated the
PFC, the green outlines indicated the HIP, the yellow outlines indicated the VTA, and the blue outlines indicated the DRN.

FIGURE 6
Display diagram of MD values (n = 6). (A)Display diagram of MD values in the prefrontal cortex (PFC), hippocampus (HIP), and ventral tegmental
area (VTA) in the control group. (B) Display diagram of MD values in the dorsal raphe nucleus (DRN) in the control group. (C) Display diagram of MD
values in the PFC, HIP, and VTA in the LPS-4 d group. (D)Display diagram ofMD values in the DRN in the LPS-4 d group. The red outlines indicated the
PFC, the green outlines indicated the HIP, the yellow outlines indicated the VTA, and the blue outlines indicated the DRN.
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pathogenesis of dPD so that more effective treatments can be

sought. Many scholars believe that systemic inflammation causes

chronic nervous system inflammation. Immune abnormalities

and inflammatory responses in the central nervous system are

involved in impairing dopaminergic neurons in SN, which leads

to progressive neurodegenerative diseases (Felger et al., 2020).

Substantial experimental evidence suggests that

neuroinflammation can induce PD and depression (M. Guo

et al., 2020), and that the level of inflammatory cytokines is

positively correlated with the severity of depression (Husain

et al., 2017). The LPS animal model of dPD may be a better

representation of neuroinflammation. LPS has not been used to

induce dPD directly in animal models for analysis. Scholars often

use LPS to induce PD, and then use CUMS to induce depression,

which does not well reflect the pathogenesis of dPD, since

depressive symptoms may appear earlier than motor

disturbances. On the other hand, central injections of LPS are

technically demanding, and it is uncertain whether the damage to

neurons is caused by LPS alone or in combination with

mechanical damage. Therefore, this study adopted the LPS

FIGURE 7
Tracing of nerve fibers (n = 6). The direction of travel: blue,
rostral to caudal; Green, dorsal and ventral; Red, left and right. (A)
Tracing of nerve fibers in the control group. (B) Tracing of nerve
fibers in the LPS-4 d group. The red outlines indicated the
prefrontal cortex (PFC), the green outlines indicated the
hippocampus (HIP), and the yellow outlines indicated the ventral
tegmental area (VTA).

FIGURE 8
c-Fos expression in the PFC, HIP, and SN for all groups (n = 3). (A) The average optical density (AOD) value of each group was compared. Data
are expressed as themean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.005, compared to the control group. (B) Representative photomicrographs of c-Fos
expression in the PFC (×400). (C) Representative photomicrographs of c-Fos expression in the HIP (×400). (D) Representative photomicrographs of
c-Fos expression in the SN (×400). The arrows showed the expression of c-Fos.

Frontiers in Pharmacology frontiersin.org08

Zhang et al. 10.3389/fphar.2022.961817

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.961817


i.p. injection to create a model of dPD in rats through the

observation of ethology, MRI technology, pathological

morphological changes, and inflammatory cytokines, which

better determined the time point of PD and depression in

rats, simulated the pathogenesis of dPD and provided a

theoretical basis for the pathogenesis of dPD.

Many animal models of LPS-induced PD have been studied,

and LPS intraventricular injection can induce a PD animal model

successfully. In one study, LPS injection into the striatum caused

an approximately 48% reduction in TH+ neurons at 7 days post-

infection, and the expression of Iba-1 in the striatum increased by

86%, whereas they increased by 36% in the 6-hydroxydopamine-

treated group (Parra et al., 2020). In a rat model with PD, an

injection of LPS into the right SN pars compacta led to microglial

activation and TH+ neurons lost (Huang et al., 2017). Early work

reported that i.p. injection of LPS (2 mg/kg) into rats did not

disrupt blood-brain barrier permeability, suggesting that

i.p. injection of LPS is unlikely to affect the central nervous

system (M. Liu and Bing, 2011). However, other studies have

found that PD animal models can also be prepared by

i.p. injection of LPS. A previous study (O’Neill et al., 2020)

reported that systemic LPS injection (0.25 mg/kg, i.p.)

exacerbated the deficits in skilled motor functions in rats

previously lesioned with intranigral LPS and led to a 22%

decrease in TH+ neurons within the SN. Moreover, the

systemic LPS injection aggravated microglial activation and

IL-1β expression. In another study (S. Y. Wu et al., 2011), the

expression of Iba-1 increased as early as 3 h after LPS (1 mg/kg)

i.p. injection and lasted for longer than 3 weeks. Additionally, the

decrease of TH+ neurons was significant on day 1 and lasted for

5 weeks after the LPS injection. Meanwhile, LPS i.p. injection

reduces striatal dopamine content levels and impaired motor

coordination. Some studies (Park et al., 2015; Kang et al., 2022)

have confirmed that the expression of Iba-1 in the SN increased

by more than twofold following systemic injection of LPS

(10 mg/kg). The expression of inflammatory factors in the SN

was also significantly increased in mice treated with LPS as a

single injection (5 mg/kg) (Yao et al., 2015). Some studies have

shown that a single systemic inflammatory response will transfer

to the brain and induce persistent neuroinflammation lasting

7 months, leading to the gradual loss of dopaminergic neurons in

the SN (Qin et al., 2007; Zheng et al., 2013). In addition,

intraperitoneal LPS injection (0.25, 0.5, or 1 mg/kg) is

commonly used to induce animal models of depression. It was

reported that LPS reduced the sucrose preference in the SPT and

the number of crossings in the OFT, and it increased immobility

duration in a forced swimming experiment (Cui et al., 2018;

Carabelli et al., 2020; Zhang et al., 2020; Zhao et al., 2020).

In this study, we chose i.p. injections of LPS as the modeling

technique. Our results showed that the sucrose preference in SPT,

FIGURE 9
Ionized calcium-binding adaptermolecule (Iba-1) expression in the PFC, HIP, SN, and amygdala for all groups (n = 3). (A) The AOD value of each
group was compared. Data are expressed as themean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.005, compared to the control group. (B) Representative
photomicrographs of Iba-1 expression in the PFC (×400). (C) Representative photomicrographs of Iba-1 expression in the HIP (×400). (D)
Representative photomicrographs of Iba-1 expression in the SN (×400). (E) Representative photomicrographs of Iba-1 expression in the
amygdala (×400). The arrows showed the expression of activated microglia.
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the total horizontal distance and center area distance in OFT, and

the standing time in the rotarod test in the LPS-4 d group were

significantly lower than those in the control group. Daily

i.p. injections of LPS for 4 days led to microglial activation

and a significant loss (28%) of TH+ neurons in the SN.

Additionally, the dopaminergic neurons were more damaged

in the LPS-4 d group (28%) than in the LPS-2 d group (23%), an

effect that gradually increased over time. These results were in

agreement with previous findings (Zheng et al., 2013; Parra et al.,

2020). Moreover, the DTI results showed that the FA values of

FIGURE 10
Tyrosine hydroxylase (TH)+ neurons in the SN for all groups (n = 3). (A) The AOD value of each group was compared. Data are expressed as the
mean ± SEM. **p < 0.01, compared to the control group. (B) Representative photomicrographs of TH+ neurons in the control group (Left: ×16, Right:
×400). (C) Representative photomicrographs of TH+ neurons in the LPS-1 d group (Left: ×16, Right: ×400). (D) Representative photomicrographs of
TH+ neurons in the LPS-2 d group (Left: ×16, Right: ×400). (E) Representative photomicrographs of TH+ neurons in the LPS-4 d group (Left: ×16,
Right: ×400). The arrows showed the expression of TH+ neurons.

FIGURE 11
Levels of interleukin (IL)-6, tumor necrosis factor (TNF)-α, and interleukin (IL)-10. (A) IL-6 level in the control group and the LPS-4 d group. (B)
TNF-α level in the control group and the LPS-4 d group. (C) IL-10 level in the control group and the LPS-4 d group. Data are expressed as themean ±
SEM (n = 6). *p < 0.05, compared to the control group.
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the bilateral VTA in the LPS-4 d group were significantly lower

than those in the control group, whereas the MD values were

significantly higher. This finding demonstrated that LPS induced

damage to white matter fibers in the VTA, which is one of our

innovations. The above results showed that LPS (0.5 mg/kg, i.p.)

injected for 4 days successfully established the dPD rat model.

The innovation is that our modeling method is easier to perform,

takes less time, induces behavioral, histopathological, and white

matter integrity changes, and simulates the pathogenetic process

of dPD in this rat model of dPD.

R-fMRI is easy to perform and does not require many

subjects; therefore, it can also be applied to rodents to provide

standard data across species (Y. Liu et al., 2020). ALFF is one of

the main evaluation indexes of R-fMRI; it can directly maintain

the amplitude of fMRI signal changes relative to the baseline and

reflect alterations in intrinsic activity and energy in local brain

regions. Previous fMRI studies have shown that patients with

dPD mainly have gray matter atrophy in the prefrontal-limbic

system (Valli et al., 2019) and abnormal functional networks in

the PFC (Zhu et al., 2016) and HIP (Sheng et al., 2014). Animal

studies (Y. Luo et al., 2014;Williams et al., 2014; Q. Li et al., 2022)

have shown that rats with depression-like behavior showed

significant abnormalities in the striatum and HIP. The

regional homogeneity of bilateral caudate putamen and

nucleus accumbens regions was increased in LPS-injected rats

(Ji et al., 2019).

In this study, the R-fMRI results showed that the ALFF in the

HIP of the LPS-4 d group was significantly lower than that in the

control group. This is consistent with previous research (Y. Luo

et al., 2014; Williams et al., 2014; Q. Li et al., 2022) and may be

related to the release of inflammatory cytokines causing neuronal

damage, thus affecting neuronal activity. c-Fos is an intranuclear

phosphorylated protein resulting from the transcription and

translation of the c-Fos gene. Because c-Fos protein expression

can broadly reflect stimulus-induced neuronal activity, it is often

used as a marker of neuronal activation (Alfonso-Gonzalez and

Riesgo-Escovar, 2018). In this study, c-Fos

immunohistochemistry showed that an i.p. injection of LPS

can activate neurons in the PFC, HIP, and SN. This result

may indicate that an i.p. injection of LPS can activate neurons

briefly by releasing inflammatory cytokines. Stimulated by

prolonged inflammation, neurons are damaged, and,

subsequently, the intrinsic activities decline. This finding

could also explain the R-fMRI results.

DTI is the only non-invasive method to detect the connectivity

and integrity of white matter fiber tracts at the molecular level. The

commonly used indicators are FA andMD; the FA value can provide

images with high white matter contrast, and the MD value indicates

the average rate of diffusion of water molecules in tissues and reflects

the degree of diffusion. Studies have shown that the integrity of deep

brain white matter fibers is destroyed in patients with dPD (J. Y. Wu

et al., 2018), and the PFC (C. Luo et al., 2016) and HIP (van Mierlo

et al., 2015) are atrophied to varying degrees. The DTI results showed

that the FA values of the bilateral HIP, the bilateral PFC, the bilateral

VTA, and the DRN in the LPS-4 d group were significantly lower

than those in the control group, whereas the MD values were

significantly higher. These findings demonstrated that LPS not

only induced damage to white matter fibers in the HIP and PFC,

which was consistent with previous research (van Mierlo et al., 2015;

C. Luo et al., 2016), but it also induced damage to white matter fibers

in the VTA and DRN.

When the brain is stimulated, glial cells in the brain will

produce inflammatory responses, which is a common

characteristic of dPD pathology. Neuroinflammatory responses

characterized by microglial activation are an essential step in this

process (Husain et al., 2017). LPS is the most widely used

activator of microglia-induced inflammatory responses and is

the natural ligand of toll-like receptor 4 (TLR-4), which is widely

expressed in microglia. LPS injected peripherally does not cross

the blood-brain barrier; however, it does directly activate

cultured brain microglia by binding TLR4, which induces a

robust microgliosis and a high degree of microglial activation

(Angelopoulou et al., 2020). Studies (Kobayashi et al., 2013;

Walker et al., 2014) have shown that LPS can directly induce

M1-phenotype microglia and release inflammatory factors, such

as TNF-α and IL-6 whereas IL-4 induces M2-phenotype

microglia. After being activated by LPS, microglia release

many inflammatory cytokines, which also activate astrocytes

and cause the further release of inflammatory cytokines

(Kwon and Koh, 2020). Inflammatory cytokines

simultaneously act on both dopaminergic neurons and

serotonergic neurons, leading to neuronal degeneration.

Decreased neuronal activity leads to decreased or lost interest

in—and reduced behavior motivated by—a rewarding stimulus,

and this cyclic process ultimately exacerbates the occurrence and

development of dPD (M. Liu and Bing, 2011; T. B. Li and Le,

2020). Moreover, the SN contains 4.5 times more microglia than

other brain regions; it is therefore the region most susceptible to

neuroinflammation. The loss of TH+ neurons in the SN is more

evident than in other regions (Qin et al., 2007). Our study also

showed that i.p. injection of LPS for 4 days led to microglial

activation in PFC, HIP, SN, and amygdala. LPS injection also led

to a significant loss of TH+ neurons in the SN.

Some studies (Kim et al., 2016;Mahajan et al., 2018) have shown

that HIP neuroinflammation is involved in the pathogenesis of

depression. Other studies (Qin et al., 2007; Engler et al., 2017; Wang

and Miller, 2018; Zhang et al., 2020) suggest that IL-6 and TNF-α
can lead to the damage and loss of neurons in the brain—effects that

are related to dPD. Therefore, the concentrations of IL-6, TNF-α,
and IL-10 in the HIP were measured in this study. After 4 days of

daily i.p. injections of LPS, the levels of IL-6, TNF-α, and IL-10 were
significantly higher than those in the control group. The increase in

inflammatory cytokines was closely related to subsequent activation

of microglia and destruction of TH+ neurons. These results may

indicate that neuroinflammation caused by microglial activation is

one of the critical steps involved in the pathogenesis of dPD.
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Reducing inflammation by inhibiting the activation of microglia

should be the top priority in treating dPD in the future. However,

our experiments also have some limitations. First, our study did not

carry out follow-up observations over a long period and did not look

at whether other organs were affected by LPS-induced systemic

inflammation, requiring a more expansive and rigorous design in

the future. Second, the levels of dopamine and serotonin in

cerebrospinal fluid were not measured. In addition, specific

M1 and M2 markers of microglia would have proven the

predominance of inflammatory phenotype, which required

further studies in the future.

5 Conclusion

The current investigation indicates that LPS injection

(0.5 mg/kg, i.p.) for 4 consecutive days could be used to

successfully create a model of dPD in rats. The underlying

mechanism may be that LPS activates microglia, leading to

the release of inflammatory cytokines, chronic and persistent

neuroinflammation, damage to dopaminergic neurons in the

brain, and, ultimately, dPD. These results suggest that

inhibiting microglial activation and reducing the

inflammatory response may be one of the targets for the

development of therapeutics for dPD.
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