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Inhibition of GABAergic neurons in the paraventricular nucleus of
the hypothalamus precipitates visceral pain induced by pancreatic
cancer in mice
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Background: For patients with pancreatic cancer, visceral pain is a debilitating symptom that significantly
compromises their quality of life. Unfortunately, the lack of effective treatment options can be attributed to
our limited understanding of the neural circuitry underlying this phenomenon. The primary objective of this
study is to elucidate the fundamental mechanisms governing visceral pain induced by pancreatic cancer in
murine models.

Methods: A mouse model of pancreatic cancer visceral pain was established in C57BL/6N mice through
the intrapancreatic injection of mPA**“-luc cells. Abdominal mechanical hyperalgesia and hunch score
were employed to evaluate visceral pain, whereas the in vitro electrophysiological patch-clamp technique
was utilized to record the electrophysiological activity of GABAergic neurons. Specific neuron ablation and
chemogenetics methods were employed to investigate the involvement of GABAergic neurons in pancreatic
cancer-induced visceral pain.

Results: [z vitro electrophysiological results showed that the firing frequency of GABAergic neurons in
the paraventricular nucleus of the hypothalamus (PVN) was decreased. Specific destruction of GABAergic
neurons in the PVIN exacerbated visceral pain induced by pancreatic cancer. Chemogenetics activation of
GABAergic neurons in the PV alleviated visceral pain induced by pancreatic cancer.

Conclusions: GABAergic neurons located in PVN play a crucial role in precipitating visceral pain
induced by pancreatic cancer in mice, thereby offering novel insights for identifying effective targets to treat

pancreatic cancer-related visceral pain.
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Introduction

Pain is an unpleasant sensory and emotional affective
experience associated with, or similar to, actual or potential
tissue damage (1). Pain represents a subjective encounter that
serves as an adaptive and protective mechanism; however,
it can also exert detrimental effects on physical functioning,
mental well-being, and social interactions. Chronic pain,
defined as enduring or recurring for more than 3 months,
has been recognized as a distinct disorder. Chronic visceral
pain caused by pancreatic cancer is a prevalent form of
pain encountered in clinical practice. Abdominal pain is
highly prevalent among patients with pancreatic cancer (2),
with advanced pain occurring in up to 90% of cases (3,4).
However, the underlying mechanism of visceral pain in
pancreatic cancer remains elusive, leading to a lack of
specific and efficacious treatment options for this condition.
Consequently, there is an urgent need to investigate the
neural basis of visceral pain in pancreatic cancer.
Previously, we and others have found that the
paraventricular nucleus of the hypothalamus (PVN) is
involved in regulating visceral pain (5-7). We demonstrated
that intra-PVN administration of either the small-
conductance Ca**-activated K* channel 2 inhibitor apamin
or protein kinase A (PKA) activator 8-Br-cAMP effectively
attenuates PVIN neuronal activity, leading to a reduction in
visceral pain in irritable bowel syndrome in mice. Besides,
recent findings indicate that PVN exhibits innervation of
pancreatic B-cells in the endocrine region (8), suggesting
its significance as a pivotal central nervous system nucleus
involved in pancreas innervation. Therefore, we are
attempting to investigate whether the PVN is involved in
regulating visceral pain in pancreatic cancer and its specific
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neural mechanisms.

Excitation/inhibition imbalance underlies numerous
pathological conditions (5,9). Given our previous findings
that inhibiting the excitability of PVN neurons can alleviate
visceral pain (5), we hypothesized that GABAergic neurons—
the primary inhibitory neurons—are involved in regulating
visceral pain. In this study, we established a pancreatic cancer
mouse model, in which we demonstrated persistent visceral
pain. Utilizing the visceral pain model, we investigated
the functional alterations of GABAergic neurons. In vitro
electrophysiological results showed that the firing frequency
of GABAergic neurons in the PVN was decreased. Specific
destruction of GABAergic neurons in the PVN exacerbated
visceral pain induced by pancreatic cancer. Chemogenetics
activation of GABAergic neurons in the PVN alleviated
visceral pain induced by pancreatic cancer.

Our findings suggest that the suppression of PVIN
GABAergic inhibitory neurons plays a pivotal role in the
development of visceral pain induced by pancreatic cancer in
mice. Activation of GABAergic inhibitory neurons through
chemogenetics effectively alleviates visceral pain, thereby
highlighting their potential as novel intervention agents for
managing this type of pain. We present this article in accordance
with the ARRIVE reporting checklist (available at https://jgo.
amegroups.com/article/view/10.21037/jgo-24-50/rc).

Methods
Animals

Male C57B/6N mice, aged 6 weeks, were procured from
the Experimental Animal Center of Xuzhou Medical
University (Xuzhou, China). The mice were housed under
controlled environmental conditions, including a consistent
temperature (22+2 °C) and 50%+5% relative humidity, a
12-h light-dark cycle. Food and water were available ad
libitum. This study was 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 protocol was
prepared before the study without registration. Male mice
were randomly and blindly separated into each group
according to random number table method.

Mouse model of pancreatic cancer visceral pain

The mouse model of pancreatic cancer visceral pain was
conducted according to previously described methods (10).
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C57BL/6 male mice were intrapancreatically injected
with mPA*"“-luc cells (GemPharmatech, Nanjing, China)
suspended in 100 pL mixed medium [Matrigel: phosphate-
buffered saline (PBS) =1:1] using a sterile insulin needle,
establishing an orthotopic tumor model. The control group
underwent the same procedure as the model group, except
for the administration of mPA**“-luc cells. When the mice
in the experimental process meet the following welfare
criteria, euthanasia would be conducted based on animal
welfare standards, using excessive inhalation of 95% CO,
to induce death: (I) persistent diarrhea; (II) sluggishness
(inability to eat or drink); (IIT) hunched back and lying on
their side; (IV) reduced activity and symptoms of muscle
atrophy; (V) difficulty breathing; (VI) progressive decrease
in body temperature; (VII) paralysis and convulsions; (VIII)
continuous bleeding; (IX) inability for animals to move
normally due to large tumors or other reasons; and (X)
inability for animals to move normally due to severe ascites
or increased abdominal circumference.

Bebavioral analysis

Visceral pain was assessed by abdominal mechanical
hyperalgesia test and hunch score. The observations were
conducted by two independent observers who were blinded
to the experimental status of the mouse in all instances.

Abdominal mechanical hyperalgesia test

Behavioral analyses were performed as described previously
with some modifications (11,12). A total of 0.16 g Von
Frey fiber (II'TC Inc. Life Science, Woodland Hills,
CA, USA) was vertically stimulated to the left upper
abdomen for about 2 seconds, with a stimulation interval of
5 minutes, and this was repeated 10 times. Positive reactions
were defined by the presence of the following behaviors:
lifting, scratching, licking the abdomen, and moving or
jumping immediately. Response frequency (%) = (Positive
response/10 trials) x 100.

Humnch score

The hunch score was employed as a means of assessing
spontaneous visceral pain and was examined following
previously described protocols with some modifications (13).
The scoring criteria for hunch behavior were as follows:
0—absence of round-back posture, displaying exploratory
behavior, and normal hair with a glossy sheen; 1—mild
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round-back posture, characterized by exploratory behavior
and normal hair with a glossy sheen; 2—severe round-
back posture, marked by a slight reduction in exploratory
behavior, mild piloerection, and current episodes of
abdominal muscle contractions; 3—severe round-back
posture, marked by significantly reduced exploratory
behavior, moderate piloerection, and recurrent episodes
of abdominal muscle contractions; 4—severe round-
back posture, characterized by minimal or no exploratory
behavior, complete piloerection throughout the entire body,
and lack of movement in the head region. The hunch score
was computed by averaging over a 300-second duration.

Electrophysiological experiment

After implanting tumors in mice for 12 days, we stimulated
the abdominal pancreas of the mice with a 0.16 g filament
for approximately 2 seconds, with a S-minute interval
between each stimulation, repeated 10 times. Half an hour
later, mice were deeply anesthetized and transcardially
perfused with 95% O, and 5% CO, oxygenated ice-cold
cutting solution comprising (in mM): 93 N-methyl-D-
glucamine (NMDG), 93 HCI, 2.5 KCI, 1.2 NaH,PO,,
30 NaHCO;, 25 D-glucose, 20 hydroxyethyl piperazine
ethanesulfonic acid (HEPES), 5 Na-ascorbate, 2 thiourea,
3 Na-pyruvate, 10 MgSO,, and 0.5 CaCl,, pH 7.35 with
NMDG or HCL. The cortical slices containing PVN (300
pm) were sectioned using a Leica VT'1200s vibratome
(Leica, Wetzlar, Germany), incubated in cutting solution,
and then maintained at 25 °C in oxygenated artificial
cerebrospinal fluid (ACSF; in mM: 124 NaCl, 3 KCI,
2 CaCl, 1.3 MgCl,, 25 NaHCO;, 1.25 NaH,PO,, and
10 glucose) for a duration of one hour prior to recordings.
The recording pipettes were filled with a solution
containing the following concentrations (in mM): 135
K-gluconate, 5 KCI, 0.5 CaCl,, 10 HEPES, 2 Mg-
adenosine triphosphate (ATP), 0.1 guanosine triphosphate
(GTP), and 5 ethylene glycol tetraacetic acid (EGTA).
The osmolarity was adjusted to 300 milliosmole (mOsm)
and the pH was maintained at 7.3 by using KOH. The
liquid-junction potential was not taken into account when
correcting the membrane potentials. The frequency of AP
was defined as the number of occurrences within a specific
time interval. The elicitation of action potentials (APs) was
achieved by applying current injections lasting 400 ms at
10 different intensities (20, 40, 60, 80, 100, 120, 140,
160, 180 and 200 pA), with a 30-s trial interval. Resting
membrane potentials (RMP) were measured within 1
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minute of break-in to the whole-cell configuration. The
threshold was defined as the membrane potential at which
the slope of the phase plot exceeded 15 mV/ms.

The signals were obtained utilizing a MultiClamp 700B
amplifier (Molecular Devices, San Jose, CA, USA). The
number of neurons and mice are indicated in the respective

figure legends.

Brain stereotactic injection

Mice were anesthetized (isoflurane, induction concentration
5%, maintenance concentration 2%) and quickly fixed to
a stereoscope. After the head hair had been shaved, the
skin was cleaned with 70% alcohol, and an incision was
made in the scalp, and then the periosteum tissue on the
skull was wiped away with hydrogen peroxide. To inject the
virus, a small hole was drilled into the skull at the target
location, and 100 nL was injected with a microinjector.
After the injection, the microinjector was left in place for 10
minutes, then slowly pulled out. After the scalp was sutured,
the mice were returned to the cage and given plenty of
water and food. 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.

Ablation of glutamatergic neurons

For targeted ablation of PVN GABAergic neurons,
rAAV-DIx5/6-taCasp3-T2A-TEVp-WPREs-pA or
rAAV-DIx5/6-EGFP-WPREs-pA (100 nL; BrainVTA,
Wuhan, China) was bilaterally injected into the PVN of
anesthetized model mice after 9 days of tumor implantation.
Behavioral assessments were performed on days 14, 17, and
20 following viral injection. Subsequently, the distribution
of viral fluorescent protein expression in the PVN was
examined using fluorescence microscopy.

Chemogenetics inbibition of GABAergic neurons

For targeted activation of GABAergic neurons in the PVN,
mice were injected with AAV-DIx5/6-hM3Dq-mCherry
or AAV-DIx5/6-mCherry vectors into the PVN 9 days
after tumor implantation. Behavioral assessments were
conducted on days 14, 17, and 20 post virus injection. Prior
to behavioral assessments, both groups of mice received an
intraperitoneal injection of Clozapine N-oxide (CNO) at a
concentration of 0.33 mg/mL (0.2 mL/20 g) administered
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40 minutes before testing. Following the behavioral
tests, viral fluorescent protein expression in the PVN was
visualized using fluorescence microscopy.

Statistical analysis

All data were presented as mean = standard deviation (SD).
All statistical analyses were performed using GraphPad Prism
5.0 (GraphPad Software, San Diego, CA, USA). Independent
samples Student’s 7-test was used to analyze statistical
differences between two groups. Comparisons between
multiple groups were performed by 2-way analysis of variance
(2-way ANOVA) followed by post hoc Bonferroni. Wilcoxon
rank sum test was used to compare hunch score. A P value
less than 0.05 was considered statistically significant.

Results

PVN GABAergic neuronal activity was inbibited in mice
with pancreatic cancer visceral pain

We examined the electrophysiological properties of
glutamatergic neurons in the PVN using iz vitro brain
slices. Representative samples of APs in PVN were obtained
from a control mouse and a model mouse (Figure 14).
The AP frequency was decreased in orthotropic pancreatic
cancer mouse model (Figure 1B). The RMP was decreased
in orthotropic pancreatic cancer mouse model (Figure 1C).
The threshold potential was increased in the orthotropic
pancreatic cancer mouse model (Figure 1D). These results
suggested that pancreatic cancer-induced pain caused

inactivity of PVN GABAergic neurons.

Specific destruction of PVN GABAergic neurons

exacerbated visceral pain induced by pancreatic cancer

Subsequently, we selectively ablated GABAergic neurons
in the PVN using taCasp3 to investigate their involvement
in visceral pain associated with pancreatic cancer. The
administration of taCasp3 resulted in a progressive
reduction of GABAergic neurons within the PVN, leading
to an average loss of 83.2% of GABAergic cells 20 days post
virus injection (Figure 24,2B). Visceral pain was evaluated
through abdominal mechanical hyperalgesia testing and
hunch score assessments on days 14 (Figure 2C,2D), 17
(Figure 2E,2F), and 20 (Figure 2G,2H) following viral
injection. Notably, significant differences were observed
in both abdominal mechanical hyperalgesia responses and
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Figure 1 Pancreatalgia induced inactivity of PVIN GABAergic neurons. (A) Representative samples of action potentials in PVN from a

control mouse and a model mouse. (B) The action potential frequency is decreased in model mice. The statistical analysis involved a 2-way
ANOVA followed by post hoc Bonferroni. (C) The RMP is increased in model mice. The 2-sample #-test was used to compare RMP. (D)

The threshold potential is increased in model mice. The 2-sample #-test was used to compare threshold potential. n=10 from 3 mice. *,

P<0.05; **, P<0.01. PVN, paraventricular nucleus of the hypothalamus; ANOVA, analysis of variance; RMP, resting membrane potential.

hunch scores at these time points after pancreatic virus
injection in mice. These behavioral findings suggest that
targeted elimination of PVN GABAergic neurons partially
exacerbates visceral pain associated with pancreatic cancer.

Chemogenetics activation of PVN GABAergic neurons
alleviated visceral pain induced by pancreatic cancer

Conversely, we employed chemogenetics to selectively
activate GABAergic neurons in order to investigate their
involvement in visceral pain associated with pancreatic
cancer. The accuracy of virus injection location was
confirmed through fluorescence imaging (Figure 34,3B).

© Journal of Gastrointestinal Oncology. All rights reserved.

Visceral pain was evaluated using the abdominal mechanical
hyperalgesia test and hunch score on days 14, 17, and
20 following virus injection. Significant differences were
observed in both abdominal mechanical hyperalgesia and
hunch score on days 14 (Figure 3C,3D), 17 (Figure 3E,3F),
and 20 (Figure 3G,3H) after pancreatic injection of the virus
in mice. Behavioral findings demonstrated that specific
inhibition of PVIN GABAergic neurons alleviated visceral
pain induced by pancreatic cancer.

Discussion

In this study, in order to reveal the role of PVN GABAergic
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Figure 2 Specific destruction of GABAergic neurons in the PVN exacerbated visceral pain induced by pancreatic cancer. (A) Schematic

of bilateral PVN injection of taCasp3 virus to specifically ablate GABAergic neurons. (B) Left: as immunofluorescence of DIx5/6 showed,
PVN GABAergic neurons were ablated by AAV-DIx5/6-taCasp3-TEVp in mice compared with the control only infected by AAV-DIx5/6-
EGFP. Right: decrease in number of GABAergic neurons over time after taCasp3 virus injection. Scale bar, 100 pm. Visceral pain was
assessed by abdominal mechanical hyperalgesia test and hunch score on (C,D) 14 days (D14), (E,F) 17 days (D17), and (G,H) 20 days

(D20) after injection of the virus. A 2-sample 7-test was used to compare positive response in abdominal mechanical hyperalgesia test and

Wilcoxon rank sum test was used to compare hunch score, with 10 mice per group. *, P<0.05; **, P<0.01. PVN, paraventricular nucleus of

the hypothalamus; EGFP, enhanced green fluorescent protein.
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Figure 3 Chemogenetics activation of GABAergic neurons in the PVN alleviated visceral pain induced by pancreatic cancer. (A) Schematic
of strategy to express hM3Dq and (B) representative fluorescence image of hM3Dq expression in PVN, scale bar, 100 pm. Visceral pain
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hypothalamus; EGFP, enhanced green fluorescent protein.
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neurons in pancreatic cancer visceral pain, we made a
pancreatic cancer visceral pain mouse model. In vitro
electrophysiological results showed that the firing frequency
of GABAergic neurons in the PVN was decreased. Specific
destruction of GABAergic neurons in the PVN exacerbated
visceral pain induced by pancreatic cancer. Chemogenetics
activation of GABAergic neurons in the PVN alleviated
visceral pain induced by pancreatic cancer. Our findings
suggested that the PVN was involved in the development of
pancreatic visceral pain, and specific regulation of GABAergic
neurons in the PVN can alleviate pancreatic visceral pain,
providing new insights for the discovery of effective targets
for the treatment of pancreatic visceral pain.

Our previous studies, as well as those conducted by
others, have shown that PVN can regulate visceral pain
through sensitization of corticotropin-releasing hormone
(CRH) neurons (5-7). Therefore, reducing PVN neuron
excitability appears to be a viable approach for alleviating
visceral pain. In line with this, our earlier research
demonstrated that activation of SK2 channels reduced
neuronal excitability and relieved visceral pain in irritable
bowel syndrome (5). Similarly, Song et /. (14) found that
disinhibition of GABAergic neurons projecting to the
PVN contributed to the excitation of CRH neurons and
mediated visceral hypersensitivity. Chemogenetic activation
of these PVN-projecting neurons also alleviated visceral
hypersensitivity. Consistent with these findings, our results
indicate that GABAergic neuron excitability is decreased
in pancreatic cancer-induced visceral pain and specific
ablation of GABAergic neurons further exacerbates this
pain. Conversely, chemogenetics activation of GABAergic
neurons significantly relieves pancreatic cancer-induced
visceral pain. Therefore, we suggest that in mice with
visceral pain, GABA released by GABAergic neurons is
reduced, which leads to increased excitability of CRH
neurons and mediates pancreatic cancer visceral pain. By
activating GABA neurons, the release of GABA is increased
to alleviate pancreatic cancer visceral pain. These results
further support the feasibility of reducing PVN neuron
excitability for alleviating visceral pain.

There are also some studies that seem to contradict this,
suggesting that activating the PVN can alleviate visceral
pain. For example, Su et /. (15) found a protective effect
of microinjection of glutamate into the hypothalamic PVN
on chronic visceral hypersensitivity in rats. We believe that
these seemingly contradictory results further highlight
the important role of PVN in visceral pain. The PVN

is a heterogeneous nucleus containing various types of
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neurons (16), which determines its complex functionality.
Arginine vasopressin (AVP)-positive neurons in the PVIN
project to the solitary tract nucleus; therefore, activating
AVP-positive neurons can protect intestinal mucosa through
the vagus nerve and relieve visceral pain (14). Additionally,
oxytocin-positive neurons exist in the PVN and have
significant analgesic effects (17-19); thus, activating
oxytocin-positive neurons can also alleviate visceral pain
(20,21). Therefore, we believe that future research should
focus on studying the specific roles of different types of
PVN neurons in visceral pain and identifying protective
versus harmful neurons for more targeted modulation and
better relief from visceral pain.

Conclusions

Our research suggests that the inhibition of GABAergic
neurons in PVN plays a crucial role in the development
of visceral pain caused by pancreatic cancer in mice. By
activating these inhibitory neurons using chemogenetics,
we effectively alleviated visceral pain, highlighting their
potential as innovative intervention agents for managing
pancreatic cancer visceral pain.
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