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ABSTRACT: Histamine functions as a neurotransmitter regulating multiple neural processes, whereas 

interleukin-10 (IL-10) is an anti-inflammatory cytokine with recognized neuroprotective properties. Previous 

research suggests that histamine can stimulate the release of various inflammatory mediators, including IL-10. 

However, the precise molecular mechanisms governing the interaction between histamine and IL-10, 

particularly their role in safeguarding dopaminergic neurons in Parkinson's disease (PD), have not been fully 

elucidated. The current findings suggest that, within the context of PD, histamine levels are elevated in the 

substantia nigra pars compacta (SNc) microglia, leading to an upregulation of IL-10 expression through 

activation of the H2 receptor and the downstream cAMP/PKA/p38β/CREB signaling cascade. However, the 

increased histamine concentration was negatively regulated by the IL-10 expression, allowing a limited increase 

in its concentration. Furthermore, the H2R-IL-10 pathway activation inhibited microglial activation and the 

production of inflammatory factors. Moreover, the H2R–IL-10 signaling axis modulated both membrane 

resistance and the expression of cleaved caspase-3 mRNA in dopaminergic neurons, contributing to the 

improvement of motor deficits in LPS-induced mouse models. These observations suggest that, in the 

pathological context of PD, microglia in the SNc exhibit increased production of histamine and IL-10 in a 

mutually regulatory manner. Elevated histamine levels further enhance IL-10 expression, which confers 

neuroprotection to dopaminergic neurons through its anti-inflammatory actions, ultimately alleviating motor 

impairments associated with PD. 
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INTRODUCTION 

 

Parkinson's disease (PD) is a prevalent neurodegenerative 

disorder that affects individuals in the middle and later 

stages of life [1-3]. The pathogenesis of PD is primarily 

linked to the progressive degeneration of dopaminergic 

neurons within the substantia nigra pars compacta (SNc), 

resulting in a marked reduction of dopamine levels in the 
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striatum [4,5]. Patients with PD typically present with 

motor symptoms, including bradykinesia, impaired 

initiation of voluntary movements, resting tremor, and 

increased muscle rigidity [6,7]. Moreover, PD 

significantly compromises patients' quality of life and, in 

advanced stages, can be life-threatening [8]. 

Epidemiological estimates indicate that the global 

prevalence of PD among individuals aged 65 years and 

older reaches approximately 1%. It is recognized as the 

second most common neurodegenerative disorder, 

following Alzheimer's disease [9]. However, there is no 

effective cure for PD, and treatment is only symptom-

based to relieve pain [10,11]. Therefore, in-depth 

investigations into the pathological mechanisms driving 

the onset and progression of PD are critically needed, 

alongside the development of innovative therapeutic 

strategies, methodologies, and pharmacological 

interventions to improve disease management and patient 

outcomes. 

Several studies have indicated that the incidence and 

progression of PD are associated with alterations in 

histamine levels within the brain [12-14]. Clinical 

investigations have demonstrated that histamine 

concentrations in the SNc of the basal ganglia in PD 

patients can rise to approximately 201% of those observed 

in healthy individuals. Moreover, elevated peripheral 

blood histamine levels show a significant positive 

correlation with the severity of motor symptoms in PD 

[15]. Histamine has been associated with the pathological 

regulation of PD, specifically by modulating the 

inflammatory response of microglia [16,17]. However, 

the exact role of histamine in regulating microglia-

induced neurodegeneration remains unclear and is a topic 

of ongoing debate [18]. On the one hand, histamine 

facilitates the polarization of microglia toward a pro-

inflammatory phenotype by activating the H1 or H4 

histamine receptors. This activation triggers the release of 

pro-inflammatory cytokines such as tumor necrosis 

factor-alpha (TNF-α), interleukin-6 (IL-6), and 

interleukin-1β (IL-1β). Similarly, it promotes the 

generation of reactive oxygen species (ROS), nitric oxide 

(NO), and other inflammatory mediators, contributing to 

the deterioration of dopaminergic neuronal integrity and 

survival [16,19]. On the other hand, emerging evidence 

indicates that histamine may exert neuroprotective effects 

by inhibiting lipopolysaccharide (LPS)-induced 

microglial activation through H2 or H3 receptor signaling. 

This inhibition occurs through reducing pro-inflammatory 

cytokine release and enhancing anti-inflammatory 

cytokine secretion, thus offering protection to 

dopaminergic neurons [20,21]. Further research is 

warranted to ascertain the source of histamine and 

elucidate its role and mechanism in PD pathogenesis. 

In the brain, IL-10 is produced by activated glial cells 

and serves as a highly efficacious anti-inflammatory and 

anti-apoptotic cytokine [22,23]. The presence of an IL-10 

gene promoter polymorphism has been linked with the 

age of onset for PD [24]. Animal studies have shown that 

IL-10 exerts neuroprotective effects by suppressing the 

release of pro-inflammatory mediators from microglia, 

normalizing intracellular calcium levels, restoring the 

expression of anti-apoptotic proteins such as Bcl-2 and 

Bcl-xl, and inhibiting the activation of the apoptotic 

protein caspase-3 [25,26]. The SNc displays a higher 

density of microglia compared to other brain regions, 

making dopaminergic neurons in this area more 

vulnerable to immune-mediated responses [27,28]. A 

study validated that IL-10 promotes anti-inflammatory 

and anti-apoptotic effects by inhibiting microglia 

activation and dopaminergic neuron apoptosis [29]. 

However, the precise mechanism underlying IL-10 

production in PD pathogenesis and the signaling 

pathways through which IL-10 inhibit microglial 

activation and dopaminergic neuron apoptosis to alleviate 

motor dysfunction remain poorly understood. 

This study aimed to investigate the source, 

concentration dynamics, and regulatory mechanisms of 

histamine during PD pathology. Furthermore, the role of 

histamine in protecting dopaminergic neurons in the SNc 

and its potential to alleviate motor dysfunction in PD 

through modulation of IL-10 production and inhibition of 

microglial activation were evaluated. To achieve this, a 

combination of microdialysis, single-cell qPCR, qPCR, 

mini-osmotic drug delivery, enzyme-linked 

immunosorbent assay (ELISA), immunofluorescence, 

and behavioral assessments were employed. The findings 

demonstrated that in the PD mouse model, both IL-10 and 

histamine concentrations in the SNc progressively 

increased throughout the disease. Moreover, histamine 

decarboxylase (HDC) and IL-10 mRNA expression levels 

were upregulated in SNc microglia. Mechanistically, 

histamine enhanced IL-10 production in SNc microglia in 

LPS-treated mice, while IL-10, in turn, regulated 

histamine production to maintain its optimal 

concentration. Moreover, histamine was found to promote 

IL-10 production by H2R activation on microglia, 

subsequently influencing the downstream coupled cAMP/ 

PKA/p38β/CREB pathway. Furthermore, histamine 

suppressed microglial activation and decreased the 

expression of microglia-derived pro-inflammatory 

cytokines by activating the H2R-IL-10 signaling pathway. 

This mechanism effectively inhibited apoptosis in 

dopaminergic neurons within the SNc, increasing 

membrane resistance (Rm) and reducing cleaved caspase-

3 (CC3) expression. Finally, these actions contributed to 

improving motor dysfunction in mouse models of PD. 
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MATERIALS AND METHODS 

 

Animals 

 

Six- to eight-week-old C57BL/6JGpt-Rosa26tm1Cin(CAG-

LSL-Cas9-tdTomato)/Gpt (LSL-Cas9-tdTomato, strain number 

T002249) and C57BL/6JGpt-Cx3cr1em1Cin(iCre)/Gpt 

(Cx3cr1-Cre; strain number T006768) mice were 

purchased from GemPharmatech Co., Ltd (Jiangsu, 

China), and wild-type (WT) C57BL/6J mice of both sexes 

were obtained from the Experimental Animal Center of 

Fudan University (Shanghai, China), and all mice were 

housed under specific pathogen-free (SPF) conditions at 

the Experimental Animal Center of Nantong University. 

Mice were individually housed under controlled 

environmental conditions (22 ± 2 °C; 60 ± 5% humidity; 

and 12-hour light/dark cycle with lights on at 8:00 AM 

daily). Animals had free access to standard laboratory 

chows and water. Animal care and experiments were 

performed in accordance with the U.S. National Institutes 

of Health Guide for the Care and Use of Laboratory 

Animals (NIH Publication 85-23, revised 2011) and were 

approved by the Institutional Animal Care and Use 

Committee of Fudan University (No. 2024-HSYY-412). 

Every effort was made to minimize the number of animals 

utilized and their suffering. 

The animals of either sex, with a mean weight of 20-

25 g, were randomly assigned to different treatment 

groups. All experiments were replicated in at least one 

additional independent group. Behavioral tests were 

conducted at the same time each day (10:00 a.m.). The 

experimenter performing the behavioral tests was blinded 

to the treatment groups for all experiments. To eliminate 

the confounding effects of the estrous cycle on motor 

behavior, only male mice were utilized in behavioral tests. 

Furthermore, to achieve a stable motor performance in the 

challenging beam test and adhesive removal test, each 

animal was trained daily for at least 10 trials over 3 to 5 

consecutive days before the tests, as previously reported 

[12,30]. To mitigate stress and fatigue, the animals were 

permitted to rest for a minimum of 5 minutes between 

each behavioral trial. 

 

Stereotactic surgeries and injections 

 

Under deep anesthesia induced by isoflurane (4% for 

induction, 1.5% for maintenance), mice weighing 20-25 g 

were placed into a stereotaxic frame (1404, David Kopf 

Instruments, Tujunga, CA) for brain surgery under aseptic 

conditions. A 1-2 cm incision was made in the scalp to 

expose the skull. A small hole was drilled in the skull, and 

the dura mater was carefully breached to permit 

uninterrupted passage of the micropipette. 

 

Preparation of animal model of PD and 

pharmacological manipulation 

 

After anesthesia induced by isoflurane (4% for induction, 

1.5% for maintenance), mice weighing 20-25 g were 

placed into a stereotaxic frame (1404, David Kopf 

Instruments, Tujunga, CA) for the LPS injection in the 

right SNc (AP: -3.08 mm, ML: 0.9 mm, DV: 3.85 mm) 

according to the mouse brain atlas[31]  under aseptic 

conditions. A total volume of 1 µl of the LPS 

solution (concentration 10 μg/μl, mixed with sterile 

normal saline; MilliporeSigma) was then infused with 

Hamilton syringe(s) (2.5 μl, 7632-01) controlled by a 

syringe pump (KDS100, KD scientific) at a rate of 50 

nl/min. The cannula was left in place for 10 min 

before withdrawal. On day 21 post-surgery, mice were 

placed in a transparent glass cylinder for a 5-minute 

observation period to assess exploratory behaviour. 

Lesion assessment was conducted by calculating the ratio 

of contralateral forepaw touch to total forepaw touch. 

Only mice that met the criteria for successful model 

construction were included in subsequent experiments. At 

the conclusion of the study, TH immunostaining in the 

substantia nigra pars compacta was performed to identify 

dopaminergic depletion. 

For pharmacological manipulation, mice (weighing 

20-25 g) were anesthetized by isoflurane (4% for 

induction, 1.5% for maintenance) and then mounted on a 

stereotaxic frame (1404, David Kopf Instruments) for 

brain surgery under aseptic conditions. Mini osmotic 

pumps (RWD Life Science Co. Ltd, Shenzhen, China) 

containing saline or drugs (100 μL) connected to 

stainless-steel guide tubes (length 10 mm, o.d. 0.5 mm, 

i.d. 0.3 mm) were implanted into the right SNc (AP: -3.08 

mm, ML: 0.9 mm, DV: 3.85 mm) of each animal in 

accordance with the mouse brain atlas. The delivery rate 

of the mini osmotic pumps is 0.135 μl/h, which 

theoretically allows for continuous drug administration 

over a period of 30 days as previously reported. This 

ensures an uninterrupted intervention in the inflammatory 

response process. Following the implantation, the mice 

were kept on a heating pad until recovery and then housed 

individually. 

 

Drugs 

 

Histamine (MilliporeSigma, St. Louis, MO, USA; 30-300 

nM), the H1R agonist 2-PyEA (R&D Systems, 

Minneapolis, MN, USA; 30-300 nM), the standard 

histamine H2R selective agonist dimaprit (R&D Systems; 

30-300 nM), the potent and standard H3R agonist (R)-(-)-

α-Methylhistamine (RAMH) (R&D Systems; 30-300 

nM), the high-affinity H4R agonist VUF 8430 

(MilliporeSigma; 30-300 nM), the selective H2R 
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antagonist (R&D Systems; 3-30 nM), the adenylate 

cyclase (AC) antagonist SQ 22536 (MilliporeSigma; 10-

100 nM), the protein kinase A (PKA) antagonist H-89 

(R&D Systems; 3-30 nM), the p38 mitogen-activated 

protein kinase inhibitor SB 203580 (R&D Systems; 10-

100 nM), and interleukin-10 (IL-10) (R&D Systems; 1-10 

ng/ml) were freshly prepared in sterilized saline solution 

(0.9% NaCl). Additionally, the potent and selective 

cAMP response element-binding protein (CREB) 

inhibitor 666-15 (R&D Systems, 10-100 nM) was also 

freshly prepared in DMSO for use in these experiments. 

 

In vivo microdialysis sampling 

 

After anesthesia by isoflurane (4% for induction, 1.5% for 

maintenance), adult mice weighing 20-25 g were placed 

into a stereotaxic frame (1404, David Kopf Instruments). 

Guide cannulas were stereotaxically implanted into the 

brain to allow positioning of a CMA/7 microdialysis 

probe (CMA/Microdialysis, Stockholm, Sweden) with 1 

mm membrane length into the right SNc (AP: -3.08 mm, 

ML: 0.9 mm, DV: 3.85 mm). Probe placement was 

verified histologically at the end of the experiment. Mice 

were allowed to recover in individual cages for at least 4 

days. Before sample collection in freely moving mice, 

microdialysis probe was inserted through the guide and 

the probe was perfused with ACSF for 240 minutes at a 

flow rate of 10 μl/min. Microdialysis samples were 

collected in 30 min intervals using a MAB 85 fraction 

collector (CMA/Microdialysis) through the microdialysis 

probe at 0.5 μL/min using a CMA 402 syringe pump 

(CMA/Microdialysis). The initial 30-minute samples 

were excluded, and the subsequent samples were 

collected for the analysis of basal extracellular levels of 

IL-10 and histamine using a commercial ELISA. 

 

Analyses of histamine, IL-10 and dopamine level 

 

The levels of histamine and IL-10 in the SNc were 

quantified by competitive ELISA. In summary, the tissue 

was homogenised in cold PBS at 4°C and a pH of 7.2. 

Subsequently, the supernatant or microdialysis samples 

were filtered through a 0.22 μm pore-size polyvinylidene 

difluoride filter (MilliporeSigma) to obtain a filtered 

solution. The concentrations of histamine, IL-10 and 

dopamine were determined using histamine (Cayman 

Chemical, Ann Arbor, MI), IL-10 (R&D Systems, 

Minneapolis, MN), and dopamine (Abcam, Cambridge, 

UK) ELISA kits, respectively, in accordance with the 

instructions provided by the manufacturers. The 

absorbance was then read at 410 nm on a 

spectrophotometer, and the concentration was calculated 

using an equation generated from a standard curve. 

 

qPCR on tissue punches and single-cell qPCR 

 

qPCR on tissue punches and single-cell qPCR were 

conducted as previously described [32-36], For 

quantification, the expression level of the target gene was 

normalized relative to the amount of the reference gene 

(Gapdh), resulting in a standardized target expression 

value. In negative control experiments, cDNA was 

substituted with water. The primer sequences are 

summarized as follows: TNF-α (forward) 5’-AGCCCAC 

GTAGCAAACCACCAA-3’, (reverse) 5’-ACACCCAT 

TCCCTTCACAGAGCAAT-3’; IL-6 (forward) 5’-CTG 

CAAGAGACTTCCATCCAG-3’, (reverse) 5’-AGTGG 

TATAGACAGGTCTGTTGG-3’; IL-1β (forward) 5’-GC 

TACCTATGTCTTGCCCGT-3’, (reverse) 5’-GACCAT 

TGCTGTTTCCTAGG-3’. 

For single-cell qPCR, following the patch-clamp 

recording experiment, the cytoplasm of the identified 

dopaminergic neurons was pipetted into a recording 

pipette filled with 3-5 µl of RNase-free solution and 

drained into a 0.2 ml PCR tube containing Single Cell 

Lysis/Dnase I solution using the Single Cell-to-CT Kit 

(Life Technologies). Reverse transcription and cDNA 

pre-amplification were performed on thermal cycler 

(Applied Biosystems, Foster City, CA) according to the 

kit protocol. qPCR was performed using the TaqMan 

Gene Expression Assay system. The TaqMan assay 

probes were designed by and purchased from Life 

Technologies as follows: Mm00456104_m1 for HDC, 

Mm01288386_m1 for IL-10, Mm01195085_m1 for CC3, 

and Mm99999915_g1 for gapdh. Conditions for the 

cycles followed the manufacturer’s protocol for TaqMan 

assays. The data were collected using the instrument’s 

software (Rotor-Gene software, version 6.0, Corbett 

Research, Sydney, Australia) and relative quantification 

was performed using the comparative threshold (Ct) 

method after determining the Ct values for reference gene 

(gapdh) and target genes in each sample set according to 

the 2-∆∆Ct method. Changes in mRNA expression levels 

were calculated after normalization to gapdh. 

 

Immunohistochemistry and imaging 

 

Mice weighing 20-25 g were deeply anaesthetized with 

isoflurane (4% for induction, 1.5% for maintenance) and 

perfused transcardially with 50 ml normal saline, 

followed by 100-150 ml 4% paraformaldehyde in 0.1 M 

phosphate buffer. Subsequently, the brain was removed, 

trimmed and postfixed in the same fixative for 12 h at 4 

°C, and then the brain was successively cryoprotected 

with 20% and 30% sucrose for 24 h. Frozen coronal 

sections (25 μm thickness) containing the SNc was 

obtained by using a freezing microtome (CM1850, Leica, 

Germany) and mounted on gelatin-coated slides. The 
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slices were rinsed with PBS containing 0.1% Triton X-

100 and then incubated in 10% normal bovine serum in 

PBS containing 0.1% Triton X-100 for 30 min. 

Sections were incubated overnight at 4 °C with 

primary antibodies: rabbit anti-Iba1 (1:500, FUJIFILM 

Wako Pure Chemical Corporation, Osaka, Japan, catalog 

019-19741, RRID:AB_839504), or rabbit anti-tyrosine 

hydroxylase (1:500, MilliporeSigma; catalog AB152, 

RRID:AB_390204). These primary antibodies were 

validated for species and application (1DegreeBio and 

Antibody Registry). After a complete wash in PBS, the 

sections for single or double immunostaining were 

incubated in the related Alexa Fluor 488-conjugated 

secondary antibodies (1:2000, Thermo Fisher Scientific) 

for 2 h at room temperature in the dark. The slides were 

washed and mounted in Fluoromount-G mounting 

medium (Southern Biotech, Cambridge, UK). Incubations 

replacing the primary antiserum with control 

immunoglobulins and/or omitting the primary antiserum 

were used as negative controls. All micrographs were 

taken with an inverted laser scanning confocal 

microscopy (model SP2 TCS; Leica, Heidelberg, 

Germany), equipped with Plan-Apochromat ×40/0.9 NA 

oil, ×20/0.75 NA dry, and ×10/0.4 NA dry objective 

lenses. Digital images from the microscope were recorded 

with Leica Application Suite imaging and analysis 

software (Leica) and image processing was done with 

Photoshop (Adobe systems Inc, San Jose, CA). 

The numerical density of dopaminergic neurons in the 

SNc was estimated through a systematic random sampling 

approach, whereby 3D optical dissectors were spaced at 

random throughout the selected brain areas and the 

number of neurons within each dissector was counted. 

Dissectors with dimensions of 80 × 80 × 30 μm were 

randomly selected and the number of positive cells in each 

dissector was quantified. The density of cells was 

estimated using the following formula: Nv = Q/v (dis), 

where "Q" represents the average number of cells counted 

per dissector and "v (dis)" is the volume of the dissector, 

which was calculated as follows: v (dis) = a [frame] × h, 

where "a" is the area of the frame and "h" is the dissector 

height. The data were represented as the number of cells 

per cubic millimeter. Area density was calculated by 

dividing the area of the microglia, microglia cell body, 

microglia dendrites, or dopaminergic neurons by the total 

area examined in the dissectors. 

 

Patch clamp recordings in vitro 

 

To evaluate the Rm of SNc dopaminergic neurons, whole-

cell patch clamp recordings were conducted in accordance 

with the previously described methodology [12,30,32,34]. 

Following decapitation under deep anesthesia with 

isoflurane (4%), the slices containing SNc from adult 

mice of either sex were identified according to the mouse 

brain atlas [31], and incubated in oxygenated artificial 

cerebrospinal fluid (ACSF, composition in mM: 125 

NaCl, 2.5 KCl, 1.25 NaH2PO4, 1.3 MgSO4, 26 NaHCO3, 

2.5 CaCl2 and 10 D-glucose) at 35 ± 0.5 °C for a minimum 

of one hour. Subsequently, the slices were maintained at 

room temperature for approximately 30 minutes prior to 

the commencement of recordings. During this period, the 

slices were transferred to a submerged chamber for the 

duration of the recording session, and were continuously 

perfused with oxygenated ACSF at a rate of 2 ml/min, 

maintained at 32 ± 0.5 °C. 

Whole-cell patch clamp recordings were conducted 

with borosilicate glass pipettes (4-6 MΩ) filled with an 

internal solution (composition in mM): 135 KMeSO4, 10 

Na2-phosphocreatine. The internal solution consisted of 

(in mM): 5 KCl, 0.5 CaCl₂, 5 HEPES, 5 EGTA, 2 

Mg₂ATP, 0.5 Na₃GTP, adjusted to pH 7.25 with KOH. 

The SNc was visualized with an Olympus BX51WI 

microscope (Tokyo, Japan), which was equipped with 

both infrared differential interference contrast (DIC) and 

fluorescence modes. All images were captured with a 

CoolSNAP cf Photometrics camera (Roper Scientific, 

Rochester, NY), displayed in a laboratory computer. 

Patch clamp recordings were acquired with an Axopatch-

700B amplifier (Axon Instruments, Sunnyvale, CA) and 

the signals were fed into the computer through a Digidata-

1440 interface (Axon Instruments) for data capture and 

analysis (pClamp 10.0, Axon Instruments). Recordings of 

whole-cell currents were lowpass filtered at 2 kHz and 

digitized at 10 kHz and recordings of membrane 

potentials were lowpass filtered at 5 kHz and digitized at 

20 kHz. Neurons were maintained at a membrane 

potential of -60 mV and characterized through the 

injection of a rectangular voltage pulse (5 mV, 50 ms) to 

monitor the whole-cell series resistance and Rm. Neurons 

were excluded from the study if the series resistance was 

not stable or exceeded 30 MΩ. If the seal resistance 

exhibited a change exceeding 30% of the original value, 

the neuron was excluded from further analysis. 

 

Behavioral tests 

 

Adhesive removal test. This test is regarded as an 

evaluation of motor initiation and execution [37]. Prior to 

the surgical procedure, two training trials were conducted 

by affixing two adhesive tapes (4 mm × 3 mm) to the 

plantar surface of both forelimbs simultaneously. The 

training trials were employed to acclimate the mice to the 

sensory stimuli (adhesive tapes), which served to diminish 

their anxiolytic responses during the testing sessions 

conducted post-surgery. At 28 days following the 

administration of either LPS or saline injections, adhesive 

tapes were placed on the forelimb contralateral to the 
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lesioned side, and the time required for the animal to 

remove the tape from the forelimb was recorded. 

Challenging beam test. The motor performance of a 

mouse model of PD was assessed using a novel beam test, 

which was adapted from traditional balance beam tests. 

The detailed procedure was previously described [38,39]. 

In brief, the beam was comprised of five sections (25 cm 

each) of decreasing width (3.5 cm to 0.5 cm in 1 cm 

decrements) and spanned 1 m in length. Animals were 

trained to traverse the length of the beam, starting at the 

widest section and ending at the narrowest section. Prior 

to testing, animals received three days of training, which 

was conducted without the mesh grid. On the day of the 

test, a mesh grid (1 cm square) of corresponding width 

was positioned over the beam surface, leaving a 1 cm 

space between the grid and the beam surface. 

Subsequently, the animals were filmed while traversing 

the grid-surfaced beam on five occasions. The videotapes 

were subsequently viewed and scored in slow motion to 

determine the number of errors, the number of steps, and 

the time required to traverse the beam. This was done for 

each of the five trials, and the median data across the five 

trials were calculated. An error was defined as a situation 

in which a limb (forelimb or hindlimb) slipped through 

the grid and was visible between the grid and the beam 

surface during a forward movement. Errors were not 

counted if the animal was not making a forward 

movement or when the animal's head was oriented to the 

left or right of the beam.  

 

Histological identification 

 

On the final day of the experimental trials, the animals 

were deeply anaesthetised with isoflurane (4% for 

induction), after which the brain was removed and fixed 

with 4% paraformaldehyde containing 1% potassium 

ferrocyanide. One week later, frozen serial coronal 

sections (50 μm thick) were prepared and stained with 

Nissl. The dark blue dots indicating injection sites were 

identified according to the mouse brain atlas. Data from 

mice in which the injection sites were deviated from the 

SNc were excluded from further analysis. 

 

Statistical analysis 

 

All data were analyzed with SPSS 17.0 (SPSS, Chicago, 

IL) and presented as mean ± S.E.M. A two-tailed unpaired 

t-test was employed for tests conducted between two 

groups, while one-way or two-way analysis of variance 

(ANOVA) followed by Student-Newman-Keuls (SNK) 

post hoc testing was utilized for tests involving three or 

more groups, post hoc tests were conducted only when the 

normality test was successfully passed. A threshold of P 

< 0.05 was accepted as statistically significant. The 

significance levels of the data are indicated as follows: *P 

< 0.05, **P < 0.01 and ***P < 0.001, P > 0.05 was 

considered non-significant and was denoted as ns. The 

group size (n) denotes independent values as detailed in 

the figure legend, including the number of individual 

animals or the number of neurons/slice/tissue typically 

derived from n = 12 mice, and statistical analyses were 

conducted using these independent values. Statistical 

methods used were all reported in Supplemental Table 1. 

 

RESULTS 

 

A correlated elevation in histamine and IL-10 levels in 

SNc of LPS-treated mice 

 

Given that PD is characterized by the degeneration of 

dopaminergic neurons in the SNc, a mouse model of PD 

was utilized to evaluate IL-10 concentration in the SNc 

via microdialysis at days 0, 7, 14, 21, and 28 (Fig. 1A). 

The results showed a significant increase in IL-10 

concentration in the SNc of LPS-treated mice throughout 

the progression of PD (Fig. 1B). Similarly, histamine 

concentrations also rose significantly during PD 

pathogenesis (Fig. 1C). Moreover, previous studies have 

suggested that microglia are capable of synthesizing and 

releasing histamine [40,41].  

Others suggest that microglia can synthesize and 

release IL-10 [42,43]. However, it remains unclear 

whether histamine and IL-10 are released simultaneously 

during the progression of PD. To address this, microglia 

were isolated from SNc brain slices of both normal and 

LPS-treated LSL-tdTomato::Cx3cr1-Cre mice (Fig. 1D), 

and the expression of histamine decarboxylase (HDC) and 

IL-10 genes in microglia was assessed using single-cell 

qPCR. The results demonstrated a significant 

upregulation in the expression of HDC and IL-10 genes 

during PD progression (Fig. 1E-F). These findings 

suggest that histamine and IL-10 are co-expressed by 

microglia in the SNc of LPS-treated mice. 

Previous literature has demonstrated that histamine 

induces the production of inflammatory mediators from 

microglia [19,44]. In this study, the impact of histamine 

on IL-10 production by microglia was examined by using 

a mini-osmotic pump to deliver histamine into the SNc 

(Fig. 2A-D). The results demonstrated that histamine 

infiltration (30-100 nM) into the SNc led to a dose-

dependent increase in IL-10 production (Fig. 2E), 

suggesting that histamine may enhance IL-10 secretion by 

microglia in LPS-treated mice. Similarly, IL-10 (1-10 

ng/mL) was also administered into the SNc via the mini-

osmotic pump, which resulted in a dose-dependent 

reduction of histamine levels (Fig. 2F). Furthermore, as 

the concentrations of both IL-10 and histamine increased, 

the mRNA expression of histamine decarboxylase (HDC) 
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and IL-10 also elevated during PD progression, reaching 

a plateau after 21 days (Fig. 1B-C, E-F). Based on these 

findings, it is hypothesized that histamine promotes IL-10 

production in the SNc of LPS-treated mice, which 

maintains histamine concentrations at a relatively stable 

level by inhibiting its production. 

 

 
Figure 1. Levels and expression of histamine and IL-10 in the SNc of LPS-treated mice. (A) Schematic representation of an SNc 

microdialysis procedure. (B) IL-10 levels in the SNc of normal and LPS-treated mice (n = 12, two-way ANOVA and post hoc SNK 

test). (C) Histamine levels in SNc of normal and LPS-treated mice (n = 12 mice, two-way RM ANOVA and post hoc SNK test). (D) 

Schematic representation of microglia (arrow) in SNc of LSL-tdTomato::Cx3cr1-Cre mice labeled with tdTomato were identified 

under fluorescent field and selected under differential interference contrast (DIC) field for single-cell qPCR. (E-F) The mRNA 

expression of HDC and IL-10 in SNc microglia of normal and LPS-treated mice (n = 12 cells; two-way ANOVA and post hoc SNK 

test, respectively). SNc, substantia nigra pars compacta. Data are represented as mean ± SEM; ns, no statistical difference, ***P < 

0.001. 

Histamine potentiated IL-10 production via 

cAMP/PKA/p38β/CREB signaling pathway coupled to 

H2R on microglia 

 

The current study further explored the mechanism 

through which histamine induces IL-10 production in the 

SNc during the progression of PD. Importantly, all four 

histamine receptor subtypes were found to be expressed 

in microglia [45]. This study first assessed which 

histamine receptors mediate IL-10 production from 

microglia. Histamine receptor antagonists or agonists 

were infiltrated via a mini-osmotic pump into the SNc. 

The data indicated that the selective H2 receptor agonist 

recapitulated the effects of histamine, dimaprit (30 - 300 

nM), but not by the H1 receptor agonist 2-PyEA (30 - 100 

nM), the potent H3 receptor agonist RAMH (30 - 100 

nM), or the high-affinity H4 receptor agonist VUF 8430 

(30 - 100 nM) (Fig. 3A-D), suggesting that the H2 
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receptor plays a key role in mediating these effects. 

Furthermore, the H2 receptor antagonist ranitidine (3 - 30 

nM) inhibited IL-10 production dose-dependent (Fig. 3E), 

indicating that blockade of the H2 receptor prevented 

endogenous histamine-induced IL-10 production. The 

effect of dimaprit (100 nM) on IL-10 production was 

similarly dose-dependently inhibited by ranitidine (3 - 30 

nM) (Fig. 3F). These findings highlight the critical 

involvement of the H2 receptor in modulating histamine's 

effect on IL-10 production in microglia of LPS-treated 

mice. 

 

 
Figure 2. Histamine potentiated IL-10 production on microglia of LPS-treated mice. (A) Diagram of the experimental timeline. 

(B) Schematic representation of saline or histaminergic drug infiltration in SNc using a mini-osmotic pump. (C) Representative coronal 

section of mini-osmotic pump injection site of unilateral SNc (indicated by arrowheads). (D) Representative histological reconstruction 

map of unilateral SNc across 12 animals. (E) Infiltration of histamine to assess the production of IL-10 in LPS-treated mice (n = 12 

mice, one-way ANOVA and post hoc SNK test, respectively). (F) Infiltration of IL-10 to assess the production of histamine in LPS-

treated mice (n = 12 mice, one-way ANOVA and post hoc SNK test, respectively). Data are represented as mean ± SEM; ns, no statistical 

difference, **P < 0.01 and ***P < 0.001. 

Previous studies have shown that increased cAMP 

levels accelerated IL-10 transcription [46] and enhanced 

the downstream cascade H2R constitutive activity 

coupled to Gs proteins stimulating AC and elevated 

intracellular cAMP, which activates protein kinase A and 

the transcription factor cAMP response element-binding 

protein (CREB) [47]. A series of experiments were 

conducted to determine whether the 

Gs/cAMP/PKA/CREB signaling pathway is involved in 

the action of H2R on IL-10 production. Briefly, 

antagonists for adenylyl cyclase (SQ 22536, 10 - 100 nM), 

PKA (H-89, 3 - 30 nM), p38 (SB 203580, 10 - 100 nM), 

and CREB (KG 501, 10 - 100 nM) were administered into 

the SNc. The results showed that these treatments dose-

dependently reduced IL-10 production in LPS-treated 

mice (Fig. 4A-D), implicating the cAMP/PKA/p38β/ 

CREB signaling pathway in this process. These findings 

suggest that histamine enhances IL-10 production through 

the cAMP/PKA/p38β/CREB pathway, which is coupled 

to H2R activation on microglia in LPS-treated mice. 

 

Pharmacological activation of the H2R-IL-10 pathway 

attenuated microglia activation by inhibiting the 

production of inflammatory factors 

 

In the central nervous system, microglial activation is the 

hallmark of neuronal lesions or degeneration, which leads 

to the production of pro-inflammatory cytokines [26,44]. 

This study investigated if the H2R-IL-10 pathway could 

be a therapeutic target to prevent excessive microglia 

activation, which promotes neurodegenerative disease in 

LPS-treated mice. Briefly, dimaprit, ranitidine, or IL-10 
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were infiltrated in SNc (Fig. 5A), and the data revealed 

that dimaprit mimics the IL-10-induced reduction of the 

area density of microglia, their cell bodies, and dendrites. 

In comparison, ranitidine had the opposite effects (Fig. 

5B-C). These results indicated that the H2R-IL-10 

signaling pathway plays a role in attenuating microglial 

activation. Moreover, the effects of dimaprit, ranitidine, 

and IL-10 on the production of pro-inflammatory 

cytokines by microglia were assessed using qPCR on 

tissue punches from the SNc. The findings showed that 

dimaprit mimicked the inhibitory effect of IL-10 on 

microglial pro-inflammatory cytokine production. In 

comparison, ranitidine infiltration produced the opposite 

effects (Fig. 5D). Overall, these data suggest that 

histamine exerts an inhibitory influence on microglial 

activation and the production of pro-inflammatory factors 

through the H2R-IL-10 pathway. 

 

 
Figure 3. Histamine potentiated IL-10 production via H2R on microglia in LPS-treated mice. The effect of (A) H1R agonist 2-

PyEA, (B) H2R agonist dimaprit, (C) H3R agonist RAMH, (D) H4R agonist VUF 8430, and (E) H2R antagonist ranitidine infiltration 

in SNc on the production of IL-10 in LPS-treated mice (n = 12 mice, one-way ANOVA and post hoc SNK test, respectively). (F) The 

effect of ranitidine and dimaprit co-infiltration in SNc on the production of IL-10 in LPS-treated mice (n = 12 mice, one-way ANOVA, 

and post hoc SNK test, respectively). Data are represented as mean ± SEM; ns, no statistical difference, **P < 0.01 and ***P < 0.001. 

This study also investigated the involvement of the 

H2R-coupled Gs/cAMP/PKA/CREB signaling pathway 

in microglial activation and the production of pro-

inflammatory cytokines. Briefly, dimaprit (100 nM) was 

administered alone or in combination with SQ 22536 (20 

nM), H-89 (10 nM), SB 203580 (50 nM), and KG 501 (25 

nM) into the SNc. The results showed that SQ 22536, H-

89, SB 203580, and KG 501 effectively blocked the 

impact of dimaprit on microglia. Moreover, these 

treatments inhibited the dimaprit-induced reduction in 

microglial area density and its cellular structures (Fig. 6A) 

while also suppressing the expression of pro-

inflammatory cytokines such as TNF-α, IL-6, and IL-1β 

(Fig. 6B). These findings suggest that histamine inhibits 

microglial activation and pro-inflammatory cytokine 

production through the cAMP/PKA/p38β/CREB 

signaling pathway, which is coupled to the H2 receptor on 

microglia in the substantia nigra pars compacta of LPS-

treated mice. 
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Figure 4. H2R-coupled cAMP/PKA/p38β/CREB pathway regulated IL-10 production in microglia of LPS-

treated mice. (A) The effect of the adenylyl cyclase antagonist SQ 22536, (B) PKA antagonist H-89, (C) p38 

antagonist SB 203580, and (D) CREB inhibitor 666-15 infiltration in SNc on IL-10 production in LPS-treated mice (n 

= 12 mice, one-way ANOVA and post hoc SNK test, respectively). Data are represented as mean ± SEM; ns, no 

statistical difference, **P < 0.01 and ***P < 0.001. 

The H2R-IL-10 pathway attenuates dopaminergic 

neuron degeneration in LPS-treated mice 

 

Since the degeneration of SNc dopaminergic neurons 

characterizes PD [4,5,12], the effect of histamine on SNc 

dopaminergic neuron degeneration was assessed by 

affecting the H2R-IL-10 signaling pathway in LPS-

treated mice. Briefly, IL-10, dimaprit, and ranitidine were 

infiltrated in the SNc of mice after LPS treatment (Fig. 

7A). On the 28th day, brain slices containing SNc were 

sampled, which showed that dimaprit simulated the 

protective effect of IL-10 on dopaminergic neurons (Fig. 

7B). Moreover, administration of dimaprit or IL-10 

significantly increased both the numerical and area 

densities of dopaminergic neurons compared to the saline 

injection group. However, ranitidine exhibited the 

opposite effect (Fig. 7C). Further analysis of striatal 

dopamine levels using the microdialysis technique 

revealed that compared to the saline-treated SNc group, 

administration of dimaprit and IL-10 resulted in increased 
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striatal dopamine levels. However, ranitidine 

administration led to a reduction in striatal dopamine 

levels (Fig. 7D). Moreover, the role of the H2R 

downstream coupled with the cAMP/PKA/p38β/CREB 

signaling pathway in the degeneration of SNc 

dopaminergic neurons, as well as the levels of dopamine 

in the striatum of LPS-treated mice, was assessed. In brief, 

dimaprit (100 nM), both alone and in combination with 

SQ 22536 (20 nM), H-89 (10 nM), SB 203580 (50 nM), 

and KG 501 (25 nM), were administered into the 

substantia nigra pars compacta (SNc). The results showed 

that treatment with SQ 22536, H-89, SB 203580, and KG 

501 effectively prevented the dimaprit-induced increase 

in the density and area of dopaminergic neurons, as well 

as attenuating the elevated dopamine concentration in the 

striatum of LPS-treated mice (Fig. 7E-F). These findings 

suggest that the observed effects are mediated through the 

cAMP/PKA/p38β/CREB signaling pathway. In summary, 

it can be inferred that histamine protects dopaminergic 

neurons in the SNc via the H2R-IL-10 signaling pathway, 

elevating striatal dopamine levels in LPS-treated mice. 

 

 
 
Figure 5. Activation of the H2R-IL-10 pathway attenuated microglial activation by inhibiting the production of 

inflammatory factors. (A) Diagram of the experimental procedure. (B) Representative images of microglia in SNc of 

a normal mouse, a LPS-treated mouse, and a LPS-treated mouse infiltrated with saline, IL-10, ranitidine, and dimaprit 

in the SNc, respectively. (C-D) The effect of IL-10, ranitidine, and dimaprit on the area density of microglia, its cell 

bodies and dendrites, as well as the expression of inflammatory factors including TNF-α, IL-6, and IL-1β (n = 12 

slice/tissue, one-way ANOVA and post hoc SNK test, respectively). Data are represented as mean ± SEM; ns, no 

statistical difference, *P < 0.05, **P < 0.01 and ***P < 0.001. 
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Figure 6. H2R-coupled cAMP/PKA/p38β/CREB pathway regulated microglial activation and inflammatory factor release. 

(A) The effect of SQ22356, H89, SB203580, and 666-15 on the area density of microglia, as well as its cell bodies and dendrites (n 

= 12 slice/tissue, one-way ANOVA and post hoc SNK test, respectively). (B) The effect of SQ22356, H89, SB203580, and 666-15 

on the expression of inflammatory factors including TNF-α, IL-6, and IL-1β (n = 12 slice/tissue, one-way ANOVA and post hoc 

SNK test, respectively). Data are represented as mean ± SEM; *P < 0.05 and **P < 0.01. 

This study also investigated how histamine protects 

dopaminergic neurons in the SNc via the H2R-IL-10 

pathway in LPS-treated mice. Since dopaminergic neuron 

apoptosis in the SNc is a key characteristic of PD and is 

closely linked to the Rm of neurons [48], the impact of the 

H2R-IL-10 signaling pathway on the Rm of dopaminergic 

neurons was assessed in LPS-treated mice. Briefly, the PD 

mouse model was induced by intraperitoneal injection of 

LPS, and IL-10, ranitidine, and dimaprit was subsequently 

administered to the SNc (Fig. 8A). After 28 days, the Rm 

of SNc dopaminergic neurons was examined using the 

patch-clamp technique (Fig. 8B). The data revealed that 

the Rm of SNc dopaminergic neurons was decreased in 

LPS-treated mice. However, sustained IL-10 and dimaprit 

infiltration increased the neuronal Rm, while ranitidine 

had the opposite effect (Fig. 8C-D). It has been observed 

that active CC3 facilitates apoptosis by modulating the 

formation of membrane blebs in the plasma membrane 

[49]. This study examined the expression of the CC3 gene 

in dopaminergic neurons using single-cell qPCR, which 

revealed a significant increase in CC3 gene expression in 

dopaminergic neurons of the SNc in LPS-treated mice. 

In comparison, sustained administration of IL-10 and 

dimaprit significantly reduced CC3 gene expression. 

However, prolonged administration of ranitidine 

produced the opposite effect, increasing CC3 gene 

expression (Fig. 8E). Furthermore, the relationship 

between Rm and CC3 gene expression in SNc 

dopaminergic neurons was assessed 14 days after LPS 

injection. The results demonstrated an inverse correlation 

between CC3 gene expression and Rm (Fig. 8F). 

Moreover, the association of the cAMP/PKA/p38β/CREB 

signaling pathway was assessed on the Rm and CC3 gene 

expression in LPS-treated mice. It was found that 

sustained infiltration of dimaprit with SQ22536, H89, 

SB203580, or 666-15 inhibited the dimaprit-induced 

increase in Rm and the decrease in CC3 expression of SNc 

dopaminergic neurons, respectively (Fig. 8G-H). Overall, 
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it was observed that histamine promotes a protective 

effect on SNc dopaminergic neurons by enhancing Rm 

and reducing CC3 expression via the H2R-IL-10 

signaling pathway. 

 

 

 
 
Figure 7. H2R-IL-10 pathway activation attenuated dopaminergic neuron loss. (A) Diagram of the experimental procedure. 

(B) Representative image of dopaminergic neurons in SNc of normal control, LPS-treated control, and LPS-treated saline, IL-10, 

ranitidine, and dimaprit infiltrated groups. (C-D) Effect of IL-10, ranitidine, and dimaprit as well as (E-F) SQ22356, H89, 

SB203580, and 666-15 on the numerical density (Nv) and area density of dopaminergic neurons, as well as the dopamine level in 

the striatum (n = 12 slice, one-way ANOVA and post hoc SNK test, respectively). Data are represented as mean ± SEM; *P < 0.05, 

**P < 0.01 and ***P < 0.001. 
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Figure 8. H2R-cAMP/PKA/p38β/CREB pathway regulated the mRNA expression of Rm and CC3 in dopaminergic neurons 

of LPS-treated mice. (A) Diagram of the experimental procedure. (B) Representative diagram of the Rm acquired via step current 

stimulation. The step current’s amplitudes were adjusted to the voltage between -65 and -75 mV. (C) Average traces between 900 

and 950 ms were calculated to stand for the membrane voltage’s changes, and the I-V curves were plotted on dopaminergic neurons 

in SNc of normal control, LPS-treated control, and LPS-treated saline, IL-10, ranitidine, and dimaprit infiltration groups. A linear 

regression was applied, and r > 0.95 was considered successful. (D) Infiltration of IL-10, ranitidine and dimaprit on the Rm of 

dopaminergic neurons (n = 12 neurons, one-way ANOVA and post hoc SNK test, respectively). (E) Effect of IL-10, ranitidine, 

and dimaprit on CC3 mRNA expression in dopaminergic neurons (n = 12 neurons, one-way ANOVA and post hoc SNK test, 

respectively). (F) The Rm was negatively correlated with CC3 mRNA expression in the dopaminergic neurons of LPS-treated 

mice (n = 12 neurons, Pearson Correlation). (G) Effect of SQ22356, H89, SB203580, and 666-15 on the Rm and (H) CC3 mRNA 

expression in dopaminergic neurons (n = 12 neurons, one-way ANOVA and post hoc SNK test, respectively). Data are represented 

as mean ± SEM; *P < 0.05, **P < 0.01 and ***P < 0.001. 
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Figure 9. Infusion of IL-10 and dimaprit rather than ranitidine ameliorated motor dysfunction in LPS-treated mice. (A) 

Diagram of the experimental procedure. (B) Diagram of the adhesive removal test. (C) The numerical density of dopaminergic 

neurons was negatively correlated with adhesive removal time in LPS-treated mice (n = 12 neurons, Pearson Correlation). (D) 

Infusion of IL-10 and dimaprit, but not ranitidine, into the SNc, ameliorates motor dysfunction by shortening adhesive removal 

time in LPS-treated mice. (E) Diagram of the challenging beam test. (F-H) The numerical density of dopaminergic neurons 

was negatively correlated with the total time to traverse the beam (F), number of steps (G), and error rate (H) in LPS-treated 

mice (n = 12 neurons, Pearson Correlation). (I-K) Infusion of IL-10 and dimaprit, but not ranitidine, into the SNc ameliorated 

motor dysfunction by reducing the total time to traverse the beam (I), number of steps (J), and error rate (K) in LPS-treated 

mice (n = 12 mice, one-way ANOVA and post hoc SNK test). Data are represented as mean ± SEM; *P < 0.05, **P < 0.01 and 

***P < 0.001. 

H2R-IL-10 pathway ameliorated motor dysfunction in 

LPS-treated mice 

 

Given that H2R-IL-10 signaling has been shown to exert 

a neuroprotective effect on dopaminergic neurons in the 

SNc, the potential of this pathway to alleviate motor 

dysfunction in LPS-treated mice was evaluated. Initially, 

a significant negative correlation was observed between 

the numerical density of SN neurons in LPS-treated mice 

and the motor behavior demonstrated by the animals 

during the adhesive removal test (Fig. 9A-C) and the 

challenging beam test (Fig. 9E-H). The LPS-treated mice 

were bilaterally administered IL-10, dimaprit, or 

ranitidine into the SNc via a mini-osmotic pump. The 

effect of IL-10, dimaprit, and ranitidine on motor 

dysfunction was then assessed via the adhesive removal 

test (Fig. 9D) and challenging beam test (Fig. 9I-K). The 

results indicated that chronic micro-infiltration of IL-10 



 Wang Y., et al.                                                                                             Histamine Signaling in PD Inflammation 

  

Aging and Disease • Volume 17, Number 3, June 2026                                                                         1648 

 

(100 nM) and dimaprit (100 nM) effectively alleviated 

motor dysfunction. This was demonstrated by a reduction 

in the total time, number of steps, and error rate required 

to traverse a beam and a decreased adhesive removal time 

in LPS-treated mice. However, micro-infiltration of 

ranitidine (100 nM) exacerbated motor dysfunction, as 

evidenced by increased adhesive removal time and 

elevated total time, number of steps, and error rate to 

traverse the beam in LPS-treated mice. Furthermore, co-

infiltration of dimaprit (100 nM) with SQ22536, H89, 

SB203580, or 666-15 significantly mitigated the effects 

of dimaprit on motor dysfunction, as reflected by an 

increase in adhesive removal time, total time, number of 

steps, and error rate to traverse the beam (Fig. 10A-D). 

These results indicate that histamine ameliorates motor 

dysfunction via the H2R-IL-10 signaling pathway in LPS-

treated mice. 

 

 
 
Figure 10. Inhibition of the cAMP/PKA/p38β/CREB pathway prevented the amelioration of motor dysfunction by 

dimaprit in LPS-treated mice. (A-C) Infiltration of SQ22356, H89, SB203580, and 666-15 into the SNc prevented the 

amelioration of dimaprit-induced motor dysfunction by increasing the total time to traverse the beam (A), number of steps (B), 

and error rate (C) in LPS-treated mice. (D) Infiltration of SQ22356, H89, SB203580, and 666-15 into the SNc prevented the 

amelioration of dimaprit-induced motor dysfunction by prolonging the adhesive removal time in LPS-treated mice (n = 12 mice, 

one-way ANOVA and post hoc SNK test). Data are represented as mean ± SEM; *P < 0.05, **P < 0.01 and ***P < 0.001. 



 Wang Y., et al.                                                                                             Histamine Signaling in PD Inflammation 

  

Aging and Disease • Volume 17, Number 3, June 2026                                                                         1649 

 

DISCUSSION 

 

Neuroinflammatory responses accompany the activation 

of microglia and the production of inflammatory factors 

during PD pathogenesis [50-52]. SNc contains a higher 

density of microglia, which renders dopaminergic 

neurons more susceptible to immune responses [27]. 

Histamine, an endogenous biogenic amine, has been 

observed to regulate immune responses in the brain [16]. 

Furthermore, it functions as a neurotransmitter and a 

modulator of the immune system [53,54]. IL-10 prevents 

inflammatory and autoimmune pathologies by 

modulating the pathogen's immune responses [22]. The 

present study demonstrated that the levels of IL-10 and 

histamine in the SNc and the expressions of HDC and IL-

10 were significantly elevated in the LPS-treated PD 

mouse model. Histamine was found to stimulate IL-10 

production, which, in turn, regulates histamine expression 

by negatively modulating its production. Furthermore, 

histamine promoted IL-10 production via the 

cAMP/PKA/p38β/CREB signaling pathway downstream 

of H2R. Moreover, histamine inhibited microglial 

activation in the SNc of LPS-treated mice through the 

H2R-IL-10 pathway, therefore exerting a protective effect 

on dopaminergic neurons and ultimately improving motor 

dysfunction in LPS-treated mice. 

Cytokine family includes IL-10, IL-19, IL-20, IL-22, 

IL-24, IL-26, IL-28A, IL-28B, and IL-29 [22,25]. IL-10 

has been studied in animal models and human disease 

states [42,55,56]. This study found that IL-10 production 

and gene expression were significantly enhanced in SNc 

of LPS-treated mice (Fig. 1B, F). Studies suggest that LPS 

can stimulate the generation of IL-10 in microglia of 

amyotrophic lateral sclerosis mice model [57]. Moreover, 

low-dose LPS can mitigate early brain injury following 

subarachnoid hemorrhage by increasing IL-10 production 

[58]. In the present study, LPS-treated mice were used as 

controls, and a dose-dependent increase in IL-10 

concentration was observed with continuous histamine 

infiltration into the SNc (Fig. 2F). Based on these 

findings, it was inferred that the elevated IL-10 levels 

observed in PD pathology could be attributed to the 

increased histamine concentration. 

Several studies have suggested that alterations in the 

brain histamine concentrations may play a significant role 

in the initiation and progression of PD [13,54]. Clinical 

studies have indicated that histamine levels in the SNc of 

PD patients can increase by up to 201%. Moreover, the 

degree of increase in blood histamine levels has been 

significantly correlated with the severity of PD symptoms 

[15]. The data presented here indicate that histamine 

levels and HDC expression increased considerably as PD 

progressed, with histamine concentration reaching a peak 

by day 21 (Fig. 1C, E). Moreover, the concentration of IL-

10 and gene expression also increased with PD 

progression (Fig. 1B, F). Further investigations revealed 

that histamine increased the production of IL-10, while 

IL-10 suppressed the production of histamine (Fig. 2E-F). 

These results suggest that elevated IL-10 levels prevent an 

excessive rise in histamine concentration by inhibiting its 

production through IL-10 receptor activation, thus 

stabilizing histamine levels at a plateau (Fig. 1C). 

Whereas since histamine stimulates IL-10 production via 

histamine receptors, the stability of histamine levels also 

elevates IL-10 concentration to a plateau (Fig. 1B). 

However, the mechanism by which IL-10 inhibits 

histamine production remains undetermined. 

It is well-established that four distinct types of 

histamine receptors (H1R, H2R, H3R, and H4R) exhibit a 

unique distribution pattern within the brain. Furthermore, 

these receptors are associated with different downstream 

signaling pathways [16,19,59]. Some studies have shown 

that activation of H1R, H3R, and H4R stimulates the 

production of inflammatory factors, such as TNF-α and 

IL-1β, therefore contributing to a pro-inflammatory 

response [16,19,60]. Other studies have suggested that the 

activation of H2R and H4R can inhibit inflammatory 

factor production, exerting an anti-inflammatory effect 

[19,60,61]. Therefore, the microenvironment of microglia 

and their activation state might be related to these 

differing outcomes. 

Histamine exerts anti-inflammatory effects by 

binding to H2R and activating its downstream signaling 

pathways. Mechanistically, histamine interacts with H2R, 

inhibiting leukotriene synthesis in human neutrophils via 

cAMP-dependent protein kinase A (PKA) signaling [62]. 

Furthermore, glucagon-like peptide-1 receptor activation 

has been observed to stimulate IL-10 expression in 

microglia through the autocrine cAMP/PKA/p38β/CREB 

signaling pathway [63]. Elevated cAMP concentrations in 

mouse macrophages can increase IL-10 transcription, thus 

inhibiting inflammatory responses [46]. In this study, it 

was found that IL-10 production from microglia was 

enhanced by histamine by modulating H2R (Fig. 3) and 

its associated cAMP/PKA/p38β/CREB signaling pathway 

(Fig. 4). This suggests that H2R-mediated microglial 

activation induces an anti-inflammatory effect by 

promoting IL-10 production. The findings of this study 

align with previous research, which proposes that 

histamine acts as an anti-inflammatory agent, increasing 

IL-10 production through the activation of H2R and its 

associated downstream signaling pathways [44,64]. Since 

H1R, H3R, and H4R are also expressed in microglia, 

further investigation is required to elucidate their effect on 

microglia. 

Numerous studies have demonstrated that neuronal 

apoptosis is closely associated with membrane resistance. 

During apoptosis, voltage-dependent anion channels in 
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the cell membrane of hippocampal neuronal cell lines are 

activated, and blocking these channels can prevent the 

onset of apoptosis [65]. Moreover, high clinical doses of 

lidocaine can destroy the cell membrane, which can 

induce neuronal morphological changes, reduce Rm, 

increase membrane capacitance in a dose-dependent 

manner, as well as induce neuronal necrosis and apoptosis 

[48]. Similarly, estrogen pretreatment mitigated 

glutamate-induced apoptosis and preserved electro-

physiological function in primary cortical neurons by 

enhancing Na+/capacitance levels and reducing 

glutamate-induced caspase-3 activation [66]. During 

toxin-induced neuronal apoptosis, the activation of 

caspase-3 is preceded by the opening of voltage-

dependent anion channels on the neuronal cell membrane 

[67]. In this study, histamine treatment was found to 

alleviate motor dysfunction in LPS-treated mice by 

inhibiting the activation of SNc microglia and 

dopaminergic neuronal apoptosis and enhancing neuronal 

Rm via the H2R-IL-10 signaling pathway. These findings 

suggest that changes in neuronal Rm are closely linked to 

the onset of apoptosis. Therefore, targeting H2R and its 

associated downstream signaling pathways represents an 

effective strategy to mitigate microglial inflammatory 

responses in PD mouse models, increase neuronal Rm, 

and provide protective effects on dopaminergic neurons. 

 

Conclusion 

 

This study demonstrated that histamine and IL-10 

concentrations in the SNc were significantly elevated 

during PD pathogenesis. Histamine promoted IL-10 

production, which, in turn, regulated histamine levels by 

inhibiting its synthesis. Furthermore, histamine increased 

IL-10 production through the H2R and PKA pathways 

downstream of H2R. Moreover, histamine mitigated 

microglial activation and the release of inflammatory 

factors via the H2R-IL-10 pathway. Histamine also 

enhanced the Rm of neurons, inhibited the apoptosis of 

dopaminergic neurons, and played a neuroprotective role. 

In vivo analysis also showed amelioration in motor 

dysfunction. These findings support the hypothesis that 

the H2R-IL-10 signaling pathway represents a promising 

therapeutic target for clinically inhibiting 

neuroinflammatory responses, protecting neurons, and 

improving motor dysfunction in PD. However, the exact 

mechanisms by which other histamine receptor types 

influence dopaminergic neurons, mainly through their 

interactions with microglia in PD motor dysfunction, 

remain poorly understood. 
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