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Original Article

Neuroinflammation in the paraventricular nucleus of the 
hypothalamus precipitates visceral pain induced by pancreatic 
cancer in mice

Ning-Ning Ji1#, Zhi-Yan Li2#, Shuang Cao1, Bei Pei1, Chen-Yu Jin1, Yi-Fan Li3, Peng Mao3, Hong Jiang1*, 
Bi-Fa Fan3*, Ming Xia1*

1Department of Anesthesiology, Shanghai Ninth People’s Hospital, Shanghai Jiao Tong University School of Medicine, Shanghai, China; 2The 

Chinese Translational Research Center for Pain Medicine, Beijing, China; 3Department of Pain, China-Japan Friendship Hospital, Beijing, China

Contributions: (I) Conception and design: M Xia, NN Ji, ZY Li; (II) Administrative support: None; (III) Provision of study materials or patients: 

None; (IV) Collection and assembly of data: NN Ji, S Cao; (V) Data analysis and interpretation: NN Ji, CY Jin, B Pei; (VI) Manuscript writing: All 

authors; (VII) Final approval of manuscript: All authors.
#These authors contributed equally to this work as co-first authors.

*These authors contributed equally to this work as co-corresponding authors.

Correspondence to: Ming Xia, MD. Department of Anesthesiology, Shanghai Ninth People’s Hospital, Shanghai Jiao Tong University School of Medicine, 

639 Manufacturing Bureau Road, Huangpu District, Shanghai 200011, China. Email: shxiaming1980@163.com; Bi-Fa Fan, MD. Department 

of Pain, China-Japan Friendship Hospital, 2 Yinghuayuan East Street, Chaoyang District, Beijing 100029, China. Email: fbf1616@163.com;  

Hong Jiang, MD. Department of Anesthesiology, Shanghai Ninth People’s Hospital, Shanghai Jiao Tong University School of Medicine, 639 

Manufacturing Bureau Road, Huangpu District, Shanghai 200011, China. Email: drjianghong_jy@163.com.

Background: Given the pivotal role of neuroinflammation in chronic pain and that the paraventricular 
nucleus of the hypothalamus (PVN) is a crucial brain region involved in visceral pain regulation, we sought 
to investigate whether the targeted modulation of microglia and astrocytes in the PVN could ameliorate 
pancreatic cancer-induced visceral pain (PCVP) in mice.
Methods: Using a mouse model of PCVP, achieved by tumor cell injection at the head of the pancreas, we 
measure the number of glial cells, and at the same time we employed minocycline to inhibit microglia and 
chemogenetic methods to suppress astrocytes in order to investigate the respective roles of microglia and 
astrocytes within the PVN in PCVP.
Results: Mice exhibited visceral pain at 12, 15 and 18 days post-tumor cell injection. We observed a 
significant increase in the population of both microglia and astrocytes. Inhibition of microglial activity 
through minocycline microinjection into the PVN resulted in alleviation of visceral pain within 30 and  
60 min. Similarly, chemogenetic inhibition of astrocyte function at 14 and 21 days post-injection also led to 
relief from visceral pain. 
Conclusions: This study found that PVN microglia and astrocytes were involved in regulating PCVP. Our 
results suggest that targeting glia may be a potential approach for alleviating visceral pain in patients with 
pancreatic cancer.
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Introduction

Visceral pain is a significant form of chronic pain. According 
to statistics, the prevalence of visceral pain varies from 9% 
to 23% in different regions and countries worldwide (1).  
Pancreatic cancer-induced chronic visceral pain is also 
commonly observed in clinical settings, of which abdominal 
pain is a frequent symptom among patients (2). In China, the 
incidence of pancreatic cancer-induced visceral pain (PCVP) 
is as high as 68% (3), and advanced stages are associated 
with an incidence rate of up to 90% (4,5). Pancreatic 
cancer is an aggressive malignancy with a poor prognosis 
and is the eleventh most common cancer globally (6). In 
China alone, there were approximately 90,000 new cases 
of pancreatic cancer in 2015, ranking ninth worldwide (7).  
The substantial economic burden imposed on society and 
families by PCVP significantly affects individuals’ quality 
of life. However, the central mechanism underlying this 
type of visceral pain remains unclear, which has led to a lack 
of effective treatment options. Therefore, urgent research 
needs to be conducted on the neural mechanism responsible 
for PCVP.

Neuroinflammation in the central nervous system 
(CNS) primarily manifests through the activation of various 
glial cells, particularly microglia and astrocytes, which 
facilitate the release of inflammatory mediators leading 
to chronic pain (8-10). The close proximity between 
glia (astrocytes and microglia) neurons facilitates glial 
activation via neurotransmission, as glia express a diverse 
array of functional neurotransmitter receptors (11). These 
include ionotropic non-NMDA and NMDA receptors, as 
well as metabotropic glutamate (mGluR3 and mGluR5), 

purinergic, and substance P receptors. Upon activation of 
glia, signaling pathways such as mitogen-activated protein 
kinase 1 (MAPK1) and MAPK8 are initiated, leading to 
an upregulation in the synthesis of inflammatory factors 
including interleukin 1β (IL-1β), IL-6, tumor necrosis 
factor-alpha (TNF-α), prostaglandin E2 (PGE2), and nitric 
oxide (NO). Consequently, this cascade further contributes 
to the initiation and maintenance of chronic pain (12,13). 
The eliminator PLX5622 (C21H19F2N5O) and the inhibitor 
minocycline have been successfully used to target microglia 
to inhibit central sensitization to relieve chronic pain in 
animals (8,14-16). Additionally, studies have also explored 
emerging chemogenetic methods to inhibit astrocytes and 
thus regulate central inflammation (17-19). However, it is 
not yet known whether targeting microglia and astrocytes 
effectively alleviates PCVP.

Therefore, in this study, we sought to investigate the 
involvement of microglial cells and astrocytes in the 
regulation of PCVP in the paraventricular nucleus of the 
hypothalamus (PVN), a crucial brain region known for 
its role in regulating visceral pain. We comprehensively 
employed an animal model of PCVP, chemogenetics, and 
the inhibitor minocycline in this study. We observed an 
increase in both the number of microglia and astrocytes. 
Injections of the microglial inhibitor minocycline into the 
PVN alleviated visceral pain. Similarly, the chemogenetic 
inhibition of astrocytes alleviated visceral pain. These 
findings contribute to the advancement and refinement of 
the regulatory theory concerning PCVP and offer novel 
insights for identifying effective targets in treating PCVP. 
We present this article in accordance with the ARRIVE 
reporting checklist (available at https://jgo.amegroups.com/
article/view/10.21037/jgo-24-42/rc).

Methods

Animals

Six-week-old male C57B/6N mice were purchased from 
the Experimental Animal Center of Xuzhou Medical 
University (Xuzhou, China). The mice were placed in a 
constant temperature and humidity environment with a 12-
hour light/dark cycle with free access to water and food. All 
the experimental procedures were approved by the Animal 
Care and Use Committee of Shanghai Ninth People’s 
Hospital (No. SH9H-2023-A223-SB), in compliance with 
the national guidelines for the care and use of animals. A 
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protocol was prepared before the study without registration.

Mouse model of PCVP

The primary tumor luciferase cell line (mPAKPC-luc) 
developed from the KPC (Pdx1-cre/LSL-Kras G12D/P53 
R172H) mouse model (purchased from Gempharmatech, 
Nanjing, China) were resuscitated and cultured. Next, 
mPAKPC-luc cells at the logarithmic growth stage (the third 
to fourth generation after resuscitation) were collected. 
The culture medium was removed, and the cells were 
washed twice with Dulbecco’s Phosphate Buffered Saline, 
and then inoculated (the cell survival rate was measured 
before and after tumor implantation). C57BL/6 male mice 
were injected with mPAKPC-luc cells suspended in 100 μL 
of mixed medium [Matrigel: Phosphate Buffered Saline 
(PBS) =1:1] at the head of the pancreas with a sterile insulin 
needle to build an orthotopic tumor model. The sham 
groups were injected with the same volume of medium as a 
control. Seven days after incubation, the orthotopic tumor 
burdens were measured using an in vivo imaging system. 
Nociceptive testing was performed on days 12, 15, and 
18 after incubation. When the mice in the experimental 
process met the following welfare criteria, euthanasia 
was conducted based on animal welfare standards, using 
excessive inhalation of 95% carbon dioxide to induce death: 
(I) persistent diarrhea; (II) sluggishness (inability to eat or 
drink); (III) hunched back and lying on side; (IV) reduced 
activity and symptoms of muscle atrophy; (V) difficulty 
breathing; (VI) a progressive decrease in body temperature; 
(VII) paralysis and convulsions; (VIII) continuous bleeding; 
(IX) an inability to move normally due to large tumors or 
for other reasons; (X) an inability to move normally due to 
severe ascites or increased abdominal circumference.

Behavioral analysis

Visceral pain was assessed based on the abdominal 
mechanical hyperalgesia test and hunch behavior scores. 
In all cases, the male mice were randomly and blindly 
separated into each group using the random number table 
method in this study, and the observations were made by 
two independent observers blinded to the experimental 
status of each mouse.

Abdominal mechanical hyperalgesia test
The behavioral analyses were performed as described 
previously with some modifications (20). Von Frey fiber 

(0.16 g) was vertically applied to the left upper abdomen 
for about 2 seconds, and this was repeated 10 times with a  
5 min interval between each stimulation. A positive response 
was defined by the presence of the following behaviors: 
lifting, scratching, licking the abdomen, moving, or jumping 
immediately. The response rate was calculated as follows: 
response rate = number of positive response /10 trials.

Hunch scores
The hunch score was used to assess spontaneous visceral 
pain and was determined following previously described 
methods with some modifications (21). The scoring 
criteria for hunch behavior were as follows: 0—an 
absence of round-back posture, exploratory behavior, and 
normal coat appearance; 1—mild round-back posture, 
exploratory behavior, and a normal coat appearance; 2—
severe round-back posture, accompanied by a slight 
reduction in exploratory behavior, slight piloerection, and 
intermittent abdominal contractions; 3—severe round-
back posture, marked by significantly reduced exploratory 
behavior, moderate piloerection, and intermittent 
abdominal contractions; and 4—severe round-back posture, 
accompanied by little or no exploratory behavior, full-body 
piloerection, and immobility of the head. The mice were 
observed for a period of 300 s, and the average hunch score 
was calculated.

Immunofluorescence

The mice were deeply anesthetized with pentobarbital 
sodium [50 mg/kg, intraperitoneal (i.p.)], followed by a 
cardiac infusion of 20 mL of normal saline and 20 mL of 
4% [weight/volume (w/v)] paraformaldehyde. The brain was 
then taken out and fixed overnight in 4% paraformaldehyde 
at 4 ℃. After brain preservation with 30% (w/v) sucrose, 
the 30-micron coronal section was sliced using a cryostat 
microtome for the purpose of immunofluorescence detection. 
The sections were subjected to five washes, followed 
by infiltration with 0.3% Triton-X-100 for 1 hour and 
subsequent sealing in a solution of PBS containing 5% normal 
goat serum and 2% bovine serum albumin for 2 hours.  
The brain sections were then incubated with anti-
antigen-like family member b (CD11b) (rabbit, 1:500, 
#17800, Cell Signaling Technology, Boston, USA) and 
anti- glial fibrillary acidic protein (GFAP) (rabbit, 1:500, 
#80788, Cell Signaling Technology, Boston, USA) at 4 ℃  
overnight. The sections were incubated with Alexa Fluor 
594 donkey anti-rabbit (1:500, #A32754, Thermo Fisher 
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Scientific, Waltham, USA) at room temperature for 2 hours. 
The images were acquired using a confocal laser microscope 
(LSM80, Zeiss, Germany) equipped with a 10× lens. For the 
cell quantification, three sections surrounding the PVN were 
manually counted using NIH ImageJ software (National 
Institutes of Health, Bethesda, USA). The sections had 
consistent coordinates across all the experimental groups.

Brain stereotactic injection of AAV and drug

The mice were deeply anesthetized with isoflurane and 
secured in a stereotaxic apparatus (RWD, Shenzhen, 
China). Following a skin incision to expose the skull, the 
coordinates of the PVN region were targeted using Paxinos 
and Franklin’s Atlas as the reference: (anteroposterior)  
0.94 mm, (mediolateral) ±0.20 mm, and (dorsoventral)  
5.10 mm from bregma. Micro syringes (Gaoge, Shanghai, 
China) were used for the precise microinjections of 
viruses and drugs before suturing the surgical incisions. 
Subsequently, the mice were returned to their cages after 
regaining consciousness.

For the chemogenetic manipulation, adenovirus-
associated vector (AAV) 2/5-GfaABC1D-iβARK-mCherry 
(3.5×1012 VG/mL, 0.1 μL, BrainVTA, Wuhan, China) and 
AAV2/5-GfaABC1D-mCherry (3.1×1012 VG/mL, 0.1 μL, 
BrainVTA, Wuhan, China) were used to inhibit astrocytes 
(day 1). To examine the function of astrocytes, mice were 
intraperitoneally injected with 0.33 mg/mL of clozapine 
N-oxide (CNO) (0.2 mL/20 g, BrainVTA, Wuhan, China) 
from day 8 to day 21 and subjected to behavioral tests on 
days 14 and 21. After conducting the behavioral tests, brain 
slices were obtained for examination using a fluorescence 
microscope to confirm the accuracy of the virus injection 
site localization.

The microglia were modulated by an intracranial 
injection of minocycline (10 μg/μL, Sigma USA, 0.1 μL) or 
PBS (0.01M, Sigma USA, 0.1 μL) into the PVN of the mice 
prior to the behavioral assessments at both 30 and 60 min 
post-administration.

Statistical analysis

The data are presented as the mean ± standard deviation 
(SD). The statistical analyses were performed using 
GraphPad Prism 5.0 (GraphPad Software, San Diego, CA, 
USA). The two-sample t-test was used to compare the 
response rate. The Wilcoxon rank-sum test was employed 
to compare the hunch scores. A significance level of P<0.05 

was considered statistically significant.

Results

Establishment of a PCVP mouse model

Visceral pain was assessed using the abdominal mechanical 
hyperalgesia test and the hunch score on days 12, 15, and 
18 following injection of the mPAKPC-luc cells (Figure 1A). 
Significant differences were observed in both the abdominal 
mechanical hyperalgesia test results and the hunch scores 
on days 12 (Figure 1B,1C), 15 (Figure 1D,1E), and 18  
(Figure 1F,1G) after the pancreatic injection of the mPAKPC-
luc cells in the mice. Moreover, these differences became 
more pronounced over time. These behavioral findings 
confirm the successful establishment of a mouse model  
for PCVP.

The number of both microglia and astrocytes in the PVN 
was increased in the PCVP mice

The immunofluorescence results showed that the number of 
PVN microglia marker CD11b cells in the PCVP mice was 
significantly increased (Figure 2). Similarly, the number of 
the PVN astrocyte marker GFAP was significantly increased 
(Figure 2). These results indicate that PVN microglia and 
astrocytes are involved in PCVP.

The microglia inhibitor minocycline relieved PCVP

We subsequently targeted microglia in an attempt to 
alleviate visceral pain. The PCVP mice were microinjected 
with the microglia inhibitor minocycline in the PVN 
(Figure 3A). Minocycline administration significantly 
downregulated both Von Frey responses and hunch scores 
at 30 (Figure 3B,3C) and 60 min (Figure 3D,3E) after the 
microinjection of minocycline into the PVN. Thus, these 
results suggest that targeting microglia relieves PCVP.

Chemogenetic inhibition of PVN astrocytes alleviated 
PCVP

To confirm the critical role of PVN astrocytes in the 
regulation of PCVP, we used chemogenetics to specifically 
inhibit PVN astrocytes in the PCVP mice (Figure 4A). 
Fluorescence images of the virus clarified the accuracy of 
the virus injection site (Figure 4B,4C). CNO was injected 
at 8 days after virus injection for 2 weeks. Based on the 
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responses to the Von Frey fibers and hunch scores, visceral 

pain was elevated at days 14 and 21 after the virus injection. 

The responses to the Von Frey fibers and hunch scores 

were significantly reduced at days 14 (Figure 4D,4E) and 

21 (Figure 4F,4G) after the virus injection. The behavioral 

results showed that the specific inhibition of PVN 

astrocytes alleviated PCVP.

Discussion

In this study, we found that PVN microglia and astrocytes 
were activated in PCVP mice. Meanwhile, PVN injections 
of the microglia inhibitor minocycline relieved PCVP. The 

Figure 1 Establishment of a pancreatic cancer visceral pain model. (A) A schematic depiction of the pancreatic cancer visceral pain protocol. 
Visceral pain was assessed by an abdominal mechanical hyperalgesia test and the hunch score on days (B,C) 12 (D12), (D,E) 15 (D15), and 
(F,G) 18 (D18) after the injection of the mPAKPC-luc cells, n=10. A two-sample t-test was used to compare the response frequency, and a 
Wilcoxon rank-sum test was used to compare the hunch scores. *, P<0.05; **, P<0.01.
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Figure 2 The number of both microglia and astrocytes in the PVN was increased in the PCVP mice. (A) Representative 
immunofluorescence images of the microglia marker CD11b and the astrocyte marker GFAP, and (B) the corresponding quantitative 
analysis. PVN was indicated by the white dashed line; the red line represents non-specific fluorescence staining. n=5; scale bar, 200 μm. 
The data are expressed as the mean ± SD. **, P<0.01. PVN, paraventricular nucleus of the hypothalamus; PCVP, pancreatic cancer-induced 
visceral pain; CD11b, antigen-like family member b; GFAP, glial fibrillary acidic protein; SD, standard deviation.

chemogenetic inhibition of astrocytes also relieved visceral 
pain. In conclusion, this study showed that PVN microglia 
and astrocytes modulated PCVP, which may provide a 
potential approach for alleviating visceral pain in patients.

As previous studies have shown, neuroinflammation in 
the CNS plays a crucial role in the pathogenesis of chronic 
pain (22,23). Specifically, microglia, immune cells residing 
in the CNS, are pivotal in driving central sensitization and 
neuropathic pain development (24-26). In pathological 
conditions such as these, activated microglia release 
proinflammatory cytokines, such as IL-1β and TNF-α, that 
augment pain perception by increasing neuronal excitability 
to facilitate synaptic transmission (27,28). Microglia were 
recently identified as mediators of central sensitization in 
a rat model of narcotic bowel-like syndrome (29). Some 
animal studies have successfully targeted microglia using 
the eliminator PLX5622 and the inhibitor minocycline 
to inhibit central inflammatory responses to treat CNS 
diseases, including chronic pain (14-16). For example, our 
previous study found that the injection of the microglia 
inhibitor minocycline into the PVN alleviated irritable 
bowel syndrome (IBS)-like visceral pain (8). Similarly, 
in this study, we found that PCVP was alleviated by the 
microinjection of minocycline to inhibit PVN microglia, 
which provides further evidence that microglia are effective 

targets for chronic pain treatment. In addition, studies have 
shown that microglia activate astrocytes, and astrocytes 
have a slower but longer effect on CNS disorders (30-32). 
Research has shown that the chemogenetic inhibition of 
astrocytes can be used to treat CNS inflammatory-related 
diseases, including pain (33-36). Therefore, we hypothesize 
that targeting astrocytes may confer analgesic effects. In line 
with this notion, the specific pharmacological inhibition 
of astrocytes in this study significantly ameliorated pain 
symptoms. Therefore, we believe that glial cells could be an 
effective potential target for the treatment of various types 
of pain, including pancreatic cancer.

However, it is crucial to acknowledge that certain issues 
need to be addressed. As is well known, microglia can be 
classified into many different types that mediate various 
functions. However, minocycline acts non-selectively on the 
entire microglial population, which may lead to numerous 
side effects. Similarly, the chemogenetic regulation of the 
overall astrocyte population may not only alleviate pain 
but may also bring about a multitude of adverse reactions. 
Researchers have identified two distinct subtypes of reactive 
astrocytes, namely A1-reactive and A2-reactive astrocytes. 
Neuroinflammation induces the activation of A1 astrocytes, 
which can potentially secrete neurotoxins leading to 
rapid neuronal death. Reversely, ischemia triggers the 
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Figure 3 The microglia inhibitor minocycline alleviated visceral pain induced by pancreatic cancer. (A) A schematic depiction of the 
experimental protocol. (B,C) The Von Frey responses and hunch scores in both groups were assessed 30 min after the minocycline 
administration, n=10. (D,E) The Von Frey responses and hunch scores were evaluated 60 min after the minocycline administration, n=10. 
The data are presented as the mean ± SD. *, P<0.05; **, P<0.01. PBS, phosphate buffered saline; SD, standard deviation.

activation of A2 astrocytes, contributing to more efficient 
neuronal preservation. The dominant role played by 
A1-reactive astrocytes in chronic pain development is 
widely acknowledged; hence extensive research efforts 
have been dedicated to unraveling their involvement in 
this specific field (37). Therefore, future research should 
focus on identifying additional brain regions involved 
in neuroinflammation and use single-cell sequencing 
technology to identify specific glial cell subgroups 
implicated in pain progression to enable more precise 

regulation rather than indiscriminate modulation.

Conclusions

The present study demonstrated that the administration 
of minocycline, an inhibitor, in combination with 
the chemogenetic inhibition of astrocytes, effectively 
ameliorated visceral pain. These findings contribute to 
the advancement of the regulatory theory on PCVP and 
provide novel insights for identifying potential therapeutic 
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Figure 4 Chemogenetic inhibition of PVN astrocytes alleviated visceral pain induced by pancreatic cancer. (A) A schematic depiction of the 
experimental protocol. (B) A schematic representation of the virus and CNO injection in the mice. (C) Representative fluorescence images 
depicting the viral distribution. Scale bar, 200 μm. PVN was indicated by the white dashed line. (D-G) The responses to the Von Frey fibers 
and hunch scores were assessed at 14 and 21 days after the virus injection, n=10. The data are expressed as the mean ± SD. *, P<0.05; **, 
P<0.01. PVN, paraventricular nucleus of the hypothalamus; CNO, clozapine N-oxide; i.p., intraperitoneal; iβARK, A 122-residue inhibitory 
peptide from β-adrenergic receptor kinase 1; SD, standard deviation.
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targets in pancreatic diseases associated with visceral pain.
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