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Abstract

neuromodulation interventions in the treatment of CP.

Hyperalgesia, Anxiety

Central sensitization plays a pivotal role in the maintenance of chronic pain induced by chronic pancreatitis
(CP), but cortical modulation of painful CP remains elusive. This study was designed to examine the role of
anterior insular cortex (alC) in the pathogenesis of hyperalgesia in a rat model of CP. CP was induced by
intraductal administration of trinitrobenzene sulfonic acid (TNBS). Abdomen hyperalgesia and anxiety were
assessed by von Frey filament and open field tests, respectively. Two weeks after surgery, the activation of
alC was indicated by FOS immunohistochemical staining and electrophysiological recordings. Expressions of
VGIuT1, NMDAR subunit NR2B and AMPAR subunit GIuRT were analyzed by immunoblottings. The regulatory roles of
alC in hyperalgesia and pain-related anxiety were detected via pharmacological approach and chemogenetics in CP
rats. Our results showed that TNBS treatment resulted in long-term hyperalgesia and anxiety-like behavior in rats. CP
rats exhibited increased FOS expression and potentiated excitatory synaptic transmission within alC. CP rats
also showed up-regulated expression of VGIuT1, and increased membrane trafficking and phosphorylation of
NR2B and GIuR1 within alC. Blocking excitatory synaptic transmission significantly attenuated abdomen mechanical
hyperalgesia. Specifically inhibiting the excitability of insular pyramidal cells reduced both abdomen hyperalgesia and
pain-related anxiety. In conclusion, our findings emphasize a key role for alC in hyperalgesia and anxiety of painful CP,
providing a novel insight into cortical modulation of painful CP and shedding light on alC as a potential target for
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Introduction

Sustained abdominal pain is the most prominent feature
of chronic pancreatitis (CP). It takes a heavy toll on the
well-being of CP patients and renders a tough challenge
for both gastroenterologists and pain physicians [1]. The
management dilemma reflects a paucity of our know-
ledge concerning the pathogenesis of painful CP. The
past decade has witnessed a conceptual transition from
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anatomical basis to neurobiological theory [2]. A grow-
ing body of evidence concerning the peripheral or spinal
mechanisms of pancreatic pain identified a host of mo-
lecular targets, such as transient receptor potential vanil-
loidl (TRPV1) and nerve growth factor (NGF), but
corresponding therapeutic alternatives have not been ap-
plied into clinical practice owing to the lack of clinical
evidence [3]. More importantly, owing to the highly-
plastic nature of cortical synapses, enhanced peripheral
inputs from the inflammatory pancreas trigger aberrant
central pain processing, which perpetuates painful CP
even after surgery or drugs aiming at eliminating periph-
eral barrage [4, 5]. Considering these, we should embrace
the ideology of cortical processing during painful CP.
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Cerebral cortex is the ultimate hub for pain perception
and sensitization, mediating the discriminative, affective
and cognitive dimensions of pain [6]. Insights from elec-
troencephalogram [7-9] and imaging studies [10, 11]
provide evidence of structural and functional reorganiza-
tions of cerebral cortex, especially bilateral insular cortex
(IC) and anterior cingulate cortex (ACC), in CP patients.
IC is critical for the sensation, regulation and chronifica-
tion of pain. Long-term potentiation (LTP) of insular
excitatory synaptic transmission is believed to mediate
pathological pain [12, 13]. Glutamate is the major excitatory
neurotransmitter within IC. Basic synaptic transmission is
mainly mediated by a-amino-3-hydroxy-5-methyl-4-isoxa-
zole propionic acid receptor (AMPAR), while insular LTP
requires both N-methyl-D-aspartate receptor (NMDAR)
and AMPAR, which play important roles in the induction
and expression phases, respectively [13]. Excitatory synaptic
transmission within IC was enhanced during neuropathic
pain, which was attributable to enhanced presynaptic re-
lease of glutamate and postsynaptic recruitment of AMPAR
and NMDAR [14, 15]. Thus, both insular lesion [16, 17]
and drugs aiming at inhibiting insular glutamatergic trans-
mission [14, 15, 18, 19] or plastic changes [20] exerted anal-
gesic effects in neuropathic and inflammatory pain models.
Recently, emerging evidence indicated the role of IC in
stress-related visceral hypersensitivity [21-23]. However,
whether there exist such neuroplastic changes within IC
under the condition of painful CP receives few attentions.

Patients afflicted by CP usually exhibit pain-related co-
morbidities, such as emotional disorders and locomotor
dysfunction [24, 25]. Unfortunately, much less focus has
been directed on the relief of the affective dimension of
pancreatitis pain in both clinical and preclinical re-
searches. As a critical hub for both somatosensory and
viscerosensory processing, IC is also important for emo-
tional feelings, including emotional pain modulation [26,
27]. It is commonly recognized that anterior IC (alC) is
more involved in the emotional dimension of pain while
posterior IC (pIC) participates in the sensory aspect of
pain [28, 29]. Considering these, we propose that alC
plays an important role in visceral hypersensitivity and
pain-related negative emotions in painful CP, which may
provide important clues for clinical rehabilitative strat-
egies for painful CP.

In the present work, we adopted abdominal with-
draw threshold (AWT) and exploratory behavior in
the open field as an indicator of anxiety, to evaluate
the sensory and emotional aspects of painful CP, re-
spectively. Electrophysiological approaches were per-
formed to explore CP-induced insular neuroplastic
changes. Immunoblottings were applied to unravel the
molecular basis for these plastic changes. Behavioral
tests together with pharmacologic and chemogenetic
methods aiming at manipulating the activity of alC
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were performed to demonstrate its role in the patho-
genesis of painful CP.

Materials and methods

Animals and experimental design

A total of 137 male Sprague-Dawley rats (250-280 g)
were used, which were provided by the Experimental
Animal Center of the Fourth Military Medical University
(Xi'an, China). All protocols were performed according
to the guidelines of the International Association for the
Study of Pain [30] and approved by the Institutional
Animal Care and Use Committee of the Fourth Military
Medical University. Animals were provided water and
food ad libitum 12 h before and after induction of pan-
creatitis, during which food and water were withdrawn.

Experiment 1: Evidence of pancreatitis-induced abdo-
men hyperalgesia: 27 rats were equally divided into 3
groups (naive, sham and TNBS groups). Pancreatitis was
induced by intraductal infusion of 2% trinitrobenzene
sulfonic acid (TNBS; Sigma, St. Louis, MO, USA) as pre-
viously reported [31]. Sham rats received intraductal in-
fusion of equal volume of saline. Naive group received
no surgery. AWT, as a measure of referred abdominal
mechanical hypersensitivity, was an indirect marker of
visceral sensitization [31]. In this experiment, AWT was
monitored by von Frey filaments (VFF; Stoelting, Kiel,
WI, USA) assay at post-operation day (POD) 3, 7, 14,
21, 28 and 35, respectively.

Experiment 2: Evidence of pancreatitis-induced hypo-
locomotion and effect of painful CP on the expressions
of insular FOS, VGIuT1, NR2B and GluR1. 53 rats were
divided into 8 groups (6-7 rats in each group), which
were exposed to intraductal TNBS or saline treatment.
Open field test was performed to evaluate the locomo-
tion and anxiety behavior according to our previous
work [32] at POD 7, 14 and 28, respectively. After be-
havioral tests, rats were sacrificed. Heart blood was sam-
pled and then centrifuged at 6000 g for 10 min. Serum
specimens were measured by amylase, lipase and total
bilirubin activity assay kits (Sigma). Meanwhile, at least
3 rats in each group were processed for alC sampling for
VGIuT1, NR2B and GluR1 immunoblotting. Other rats
were perfused with 4% paraformaldehyde (PFA). Brain
tissues were then sampled for FOS immunostaining and
pancreatic tissues were sampled for H&E staining.

Experiment 3: Effect of painful CP on insular excita-
tory synaptic transmission. 16 rats were equally divided
into 2 groups (sham and TNBS groups), which were
exposed to intraductal saline or TNBS treatment, re-
spectively. At POD 14, rats were sacrificed, and brain
sections containing alC were performed for electro-
physiological recordings.

Experiment 4: Effect of CNQX and AP-5 microinjec-
tion into alC on abdomen hypersensitivity of CP rats. 16
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rats were divided into 3 groups (5 in saline group, 5 in
CNQX group and 6 in AP-5 group), all of which were
exposed to intraductal TNBS treatment. For drug micro-
injection and behavioral test, the experimental paradigm
was described in Fig. 8a.

Experiment 5: Effects of inactivation of alC neural ac-
tivity on abdomen hypersensitivity and anxiety of CP
rats. To non-specifically modulate the activity of alC
neurons, 13 rats were divided into 2 groups, and re-
ceived chemogenetic virus injection within alIC (7 rats in
hSyn-mCitrine group and 6 in hSyn-Gi group). To fur-
ther explore the role of alC pyramidal neurons in painful
CP, 12 rats were equally divided into 2 groups (CaM-
KIla-mCherry and CaMKIIa-Gi groups). All rats were
exposed to intraductal TNBS treatment. For chemoge-
netic behavioral tests, the experimental designs were
shown in Figs. 9a and 10a.

Behavioral tests

For VFF testing, the belly area designated for stimulation
was shaved 3 days before testing. Animals were habitu-
ated in the testing apparatus until calming down. VFFs
with increased forces from 0.16 g to 26 g were applied to
the abdomen 5 times, each for 5-8 s with 5 min interval.
Minimal force eliciting at least 3 times withdrawn re-
sponses was considered as AWT.

For open field test, rats were placed in the center of
the open field (100 cm x 100 cm x 60 cm) under dim
lighting. A motion-tracking system (Shanghai Mobile
Datum Information Technology, CO. Ltd., Shanghai,
China) was utilized to record the movement trace for 15
min. Anxiety-like behavior was evaluated by total travel-
ing distance and the traveling distance in the center of
the open field.

Pancreatic H&E staining

For the verification of pancreatitis, pancreatic tissues
were immersed in 4% PFA overnight, then 30% sucrose
solution overnight, subsequently transferred to progres-
sive xylene washes and embedded in paraffin. Paraffin
blocks were cut at 8 um thickness and then stained with
hematoxylin and eosin (H&E) to evaluate pathological
changes.

Immunohistochemical staining

On POD 14, TNBS and saline-treated rats were deeply
anesthetized by i.p. administration of 7% chloral hydrate
and then perfused with 50 ml of 0.01 M phosphate buffer
saline (PBS, pH 7.4), followed by 500 ml 4% PFA fixative
solution in 0.1 M phosphate buffer (PB, pH 7.4). After
perfusion, brains were removed, placed in 30% sucrose
solution for 24'h at 4°C and then cut into coronal sec-
tions at 35 um thickness into 6 dishes as 6 sets of every
sixth serial sections. The sections containing alC in the
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first and second sets were performed immunohisto-
chemical staining for FOS and double immunofluores-
cent staining for VGIuT1 and NeuN, respectively. The
sections were incubated in 10% normal donkey serum
(NDS) for 40 min at room temperature (RT) to block
non-specific immunoreactivity, and then incubated over-
night at 4 °C with following antibodies (shown in Table 1)
in sequence: [1] primary antibodies for 18-24 h at 4°C;
[2] secondary antibodies for 4h at RT; or [3] avidin-
biotin complex for 2 h (for FOS staining) at RT. For FOS
staining, sections were then reacted with 0.05M Tris-
HCI buffer containing 0.02% DAB (Dojin, Kumamoto,
Japan) and 0.003% H,O, for visualizing FOS. Finally, the
slices were mounted onto glass slides, coverslipped for
examination by light microscopy (AH-3, Olympus,
Tokyo, Japan) for FOS staining or confocal microscope
(CLSM, FV1000, Olympus) for double immunostaining.
The images were captured and analyzed using Fluoview
1000 (Olympus). For FOS counting, 15 sections from an-
terior (Bregma + 3.00 ~ +2.16), middle (Bregma + 1.22 ~
+0.38) and posterior (Bregma — 1.14 ~ — 1.98) parts of IC
(5 sections from each part) in one dish from each rat were
counted for the total number of FOS-immunoreactive
neurons in the three parts of IC between sham and TNBS
groups (n = 3 rats in each group). For the determination of
immunofluorescence intensity, nine microscopic images
of alC (with a 60 x objective lens) were taken from three
sections per animal. The mean intensity of VGIuT1 im-
munofluorescence of the nine images per rat was mea-
sured in Image ] (n = 3 rats in each group).

Western blotting

Insular tissues from four groups (sham, TNBS POD 7, 14
and 28 groups) were harvested in cold artificial cerebro-
spinal fluid (ACSF). Total protein (for VGIuT1, NR2B and
GluR1 assays) was prepared according to our previous
study [33]. Membrane and cytoplasmic proteins (for NR2B,
pNR2B, GluR1 and pGluR1 assays) were separated by Mi-
nute™ Plasma Membrane Protein Isolation Kit (Invent Bio-
technologies, EdenPrairie, MN, USA) [34]. Subsequently,
30 ug protein from each sample (quantitatively measured
by bicinchoninic acid protein assay; Thermo Scientific;
Rockford, IL, USA) was subjected to 10% sodium dodecyl
sulfate-polyacrylamide gel (SDS-PAGE) electrophoresis and
electrophoretically transferred to polyvinylidene difluoride
(PVDF) membranes (Immobilon-P, Millipore, Billerica,
MA, USA). After blocking in 5% PBS-containing DifcoTM
skim milk for 2 h, the membranes were incubated overnight
at 4°C with following primary antibodies: mouse anti-
VGIuT1 (1:500; Millipore); rabbit anti—pNRZB-Tyr1472(1:
500; Millipore); rabbit anti-NR2B (1:500; Abcam, Cam-
bridge, UK); rabbit anti-GluR1 (1:500; Millipore); rabbit
anti-pGluR1-Ser®” (1:500; Millipore). The immunoblots
were then incubated with corresponding horseradish
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Table 1 Antibodies used immunohistochemical staining
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Antigens Primary antibodies Secondary antibodies Tertiary antibodies
FOS Mouse anti-FOS Biotinylated donkey anti-mouse Avidin-biotin complex
(1:500; Abcam, Cambridge, MA, USA) (1:500; Millipore, Billerica, MA, USA) (1:200; ABC kit, Vector,
Burlingame, CA, USA)
VGIuT1/NeuN Mouse anti-NeuN Alexa594-donkey anti-mouse

(1:200; Millipore, Billerica, MA, USA)
Rabbit anti-VGIuT1
(1:300; Sysy, Gottingen, NI, GER)

(1:500; Invitrogen, Carlsbad, CA, USA)
Alexa488-donkey anti-rabbit
(1:500; Invitrogen, Carlsbad, CA, USA)

peroxidase (HRP)-conjugated secondary antibodies (goat
anti-rabbit or goat anti-mouse, 1:5000; Amersham Pharma-
cia Biotech, Piscataway, NJ, USA). To verify equal loading,
we also probed the membranes with rabbit anti-GAPDH
(1:5000; Beijing TDY BIOTECH CO., Beijing, China) and
rabbit anti-N-cadherin (1:2000; Millipore) for cytosol and
membrane extracts, respectively. Bands were visualized by
enhanced chemiluminescence (ECL) detection method
(Amersham Pharmacia Biotech) and exposed to film. The
scanned images were quantified and analyzed with Image |
software. Target protein levels were normalized against
GAPDH or N-cadherin levels and expressed as fold
changes relative to those of the sham group (n =3 rats in
each group).

Extracellular field EPSP recordings

For brain slice preparations, rats were anesthetized with
7% chloral hydrate and coronal brain sections (300 um)
containing alC were cut at 4 °C with a vibratome in oxy-
genated ACSF (in mM: 124 NaCl, 2.5 KCl, 2 MgSQOy, 2
CaCl,, 25 NaHCOj3;, 1 NaH,PO,, 37 glucose, pH 7.4).
Then, the sections were transferred to a recovery cham-
ber with oxygenated ACSF at RT for 1h for subsequent
electrophysiological experiments.

For extracellular field excitatory postsynaptic potential
(fEPSP) recordings, a commercial 64-channel recording
system (MED64, Panasonic, Osaka, Japan) was used. The
MEDG64 probe (P515A, Panasonic) has an array of 64
planar microelectrodes arranged in an 8 x 8 pattern
(50 x 50 um in size, interelectrode distance 150 pm),
which could cover the insula (Fig. 3a, b). The prepar-
ation of MED64 probe was similar to our previous
study [35]. The section was perfused with oxygenated
ACSF at the rate of 2—3 ml/min with the aid of peristal-
tic pump (Minipuls’3, Inc., Gilson, France) during re-
cording. After a 60-min recovery, one channel in the
layers IV-V of alC, from which the best synaptic responses
could be elicited in surrounding recording channels, was
selected as the stimulation site. Biphasic constant
current pulses (8—24 mA, 0.1 ms) generated by the data
acquisition software (Mobius, Panasonic Alpha-Med
Sciences, Washington DC, USA) were applied to the
stimulation site every minute. Testing intensity was de-
termined when a half-maximal fEPSP was elicited in

channels closest to the stimulation site. The fEPSPs
evoked at both the superficial and deep layers were
amplified by a 64-channel amplifier, displayed on the
monitor screen, and stored on the hard disk of a micro-
computer. After baseline synaptic responses were stabi-
lized for 30 min, a theta burst stimulation (TBS) protocol
(5 bursts at 5Hz, repeated 5 times at 10s intervals, 4
pulses at 100 Hz for each burst) was given at the test in-
tensity to elicit post-synaptic LTP (post-LTP). After TBS,
the test stimulus was repeatedly delivered every minute
for 2 h to monitor the time course of LTP. For quantifica-
tion of the LTP data, the fEPSPs measured by the
slope (the rising phase between 10 and 90% of the
peak response) and the amplitude were normalized as
percent change from the baseline level. For compari-
son of LTP magnitude between two groups, the aver-
age value of the last 10 min recordings was compared
statistically.

Whole-cell patch-clamp recording

For whole-cell patch-clamp recordings, the section was
placed in a recording chamber maintained with oxygen-
ated ACSF at 28 °C and pyramidal neurons in the layers
II-III of aIC were recorded. The potassium-based intra-
cellular solution within the micropipettes (8—10 MQ)
contained the following (in mM): 120 K-gluconate, 5
NaCl, 0.2 EGTA, 10 HEPES, 2 MgATP, 0.1 NazGTP, 1
MgCl, and 10 phosphocreatine (adjusted to pH 7.2 with
KOH, 290 mOsm). Spontaneous EPSCs (SEPSC) were re-
corded with membrane clamped at — 60 mV. To elicit
synaptic responses in neurons within superficial layers, a
bipolar tungsten stimulating electrode was placed within
layer V (Fig. 4a). AMPA receptor-mediated EPSCs were
elicited by repetitive stimulations every 10s with neu-
rons clamped at - 70 mV in the presence of 50 yM AP-5
(Tocris, Bristol, UK), while NMDA receptor-mediated
responses were measured at 40 mV in the presence of
20uM CNQX (Tocris). For paired-pulse facilitation
(PPF) testing, the intervals were 35, 50, 75, 100 and 150
ms. To investigate the relationship between the spike
number and the intensity of injected currents, pyramidal
neurons were current-clamped and injected 50-350 pA
depolarizing currents with a step-size of 50 pA. The
rheobase current (minimum current to elicit an action
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potential) was explored via injecting depolarizing cur-
rents with a step-size of 2 pA.

For calculating the rectification of glutamate receptor-
mediated EPSCs, cesium-based intracellular solution
containing the following (in mM): 122 Cs-Gluconate, 5
TEA-C]l, 3.7 NaCl, 0.2 EGTA, 20 HEPES, 0.3 MgATP,
0.3 NazGTP, 10 BAPTA, 0.1 spermine and 5 QX-314
(adjusted to pH7.2 with CsOH, 290 mOsm) was used.
The AMPA or NMDA receptor-mediated EPSCs were
recorded at holding potentials of 50, 30, 10, 0, — 20, — 40
and - 60 mV. Then, the ratio of peak EPSC amplitudes
at negative (- 40 mV) and positive (50 mV) holding po-
tentials was measured as rectification index.

All experiments were conducted in the presence of
picrotoxin (100 uM, Sigma) to block GABA, receptor-
mediated inhibitory synaptic currents. All recordings were
performed with a MultiClamp 700B amplifier (Axon In-
struments, Sunnyvale, CA, USA) and digitized at 5 kHz by
DigiData 1550B (Axon Instruments). The access resist-
ance of 10-30 M(Q) was monitored throughout the experi-
ment. Data were discarded if the access resistance
changed by 15% during experiment.

Drug microinjection and behavioral tests

7 days before TNBS treatment, rats were anesthetized
and secured on a stereotaxic frame. Guide cannulas (26
gauge) were implanted bilaterally into aIlC (AP: +2.16,
ML: +5.0, DV: - 6.2 mm). On POD 14, intra-alC injec-
tions were delivered through an injector cannula (30
gauge) which was located 0.2 mm lower than the guide.
A Hamilton syringe (10 ul) was connected to the injector
by a thin polyethylene tube and was driven by a motor-
ized pump (ALCBIO, Shanghai, China). AP-5 (50 mM,
0.4 pul per side) or CNQX (20 mM, 0.4 pl per side) was
infused into bilateral alC at the rate of 0.05 pl/min, with
an equivalent volume of saline as control. All injections
were followed by an additional 5 min before removal of
the injection cannula. AWT was measured before sur-
gery, 30 min before and after drug microinjection at
POD 14, as well as at POD 15. Injection sites were veri-
fied post hoc and rats with inaccurate sites were
excluded.

Chemogenetics and behavioral tests

To non-specifically inhibit the activity of alC neurons,
we injected hSyn promoter-driven recombinant AAV
virus  (rAAV2/9-hSyn-hM4Di-mCitrine, 0.4 pl/30 min,
Taitool Bioscience, Shanghai, China) into bilateral aIlC
(AP: +2.16, ML: £5.0, DV: -7.2mm) 7 days before
TNBS treatment. An equivalent amount of rAAV2/9-
hSyn-mCitrine was injected into rats in sham group. To
specifically inhibit the activity of alC pyramidal neurons,
we injected Calmodulin-dependent Protein Kinase Ila
(CaMKlIla) promoter-driven virus (rAAV2/9-CaMKIla-
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hM4Di-mCherry, 0.4 pl/30 min, BrainVTA, Hubei, China)
into bilateral alC 7 days before TNBS treatment. An
equivalent amount of rAAV2/9-CaMKIla-mCherry was
injected into rats in sham group. On POD 14, clozapine-
N-oxide (CNO, 3 mg/kg) was administrated intraperitone-
ally into the rats. AWT tests were performed before TNBS
treatment, 1 h before and after CNO administration at
POD 14, as well as at POD 15. Open field test was per-
formed 2 h after CNO administration at POD 14. Injection
sites were verified post hoc and rats with inaccurate sites
were excluded.

Data analysis

Results were expressed as means + SEM. Statistical ana-
lyses between two groups were tested by Student’s ¢-test
(SPSS 17.0). Statistical comparisons between multiple
groups were made using one-way ANOVA or one-way
repeated ANOVA followed by LSD post-hoc test. Ana-
lyzed numbers for each experiment are indicated in cor-
responding figures P <0.05 was considered statistically
significant.

Results

TNBS-induced abdomen hypersensitivity and anxiety

The validity of CP model was evidenced by histopathological
changes of pancreatic tissue, such as acinar atrophy, inflam-
matory infiltration and stromal fibrosis (Fig. 1la-c). Owing to
the damage of acinar cells, TNBS-treated rats exhibited in-
creased contents of serum amylase and lipase on POD 3,
which decreased along the course of CP and returned to
baseline on POD 28 (Fig. 1d, e). In addition, TNBS-treated
rats also exhibited high level of serum total bilirubin from
POD 7 to 28 (Fig. 1f). All these changes mimicked those ap-
peared in human chronic pancreatitis [36].

Then, behavioral assays were performed to provide
evidence of abdomen hypersensitivity in CP rats. Sham
group exhibited transient decrease of AWT which
returned to baseline on POD 14, possibly owing to the
abdominal incision during surgery. Comparing to sham
group, TNBS-treated rats displayed a prolonged decrease
in AWT from POD 7 to 35 (Fig. 1g). Open field testing
showed that CP rats traveled less distance in the open
field from POD 7 to 28, implicating the existence of
hypolocomotion (Fig. 1h). Further analyses of open field
results showed that CP rats traveled less distance in the
central area along the course of CP, suggesting the gen-
eration of anxiety-like emotions in CP rats (Fig. 1i). All
these performance in the open field were consistent with
those of mice with irritable bowel syndrome (IBS) ob-
served in our previous study [32]. Considering these,
apart from AWT as an indirect indicator of visceral
hypersensitivity, we adopted hypolocomotion and de-
creased exploratory behavior to measure emotional pain
modulation of IC in CP rats.
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Fig. 1 TNBS-treated rats exhibit abdomen hyperalgesia and anxiety-like behaviors. a-c: Representative pancreas histology of sham group (a),
TNBS-treated group on POD 14 (b) and POD 28 (C). Bar = 100 um. d-f: TNBS treatment increased serum content of amylase (d), lipase (e) and
total bilirubin (f) compared to sham rats along the course of CP, one-way ANOVA in (d, e) and Kruskal-Wallis test in (f). g: TNBS-treated rats
showed decreased abdomen withdrawal threshold along the course of CP, while rats with sham surgery exhibited transient abdomen
mechanical hypersensitivity which returned to baseline on POD 14, one-way repeated ANOVA. h-i: Rats with CP traveled less distance in the open
field (h) as well as in the center of the open field (i) than sham rats from POD 7 to 28, unpaired t-test. Numbers within the bars denote the
numbers of rats in each group, * P < 0.05, ** P< 0.01, *** P < 0.001, TNBS vs sham; " P < 0,001, sham vs naive

TNBS treatment increases FOS expression within IC

FOS is widely used as an indicator of neuronal activa-
tion under the condition of pain stimuli [37]. Our
previous study indicated that IC exhibited increased
number of FOS-expressing neurons in the IBS mouse
model [32]. In the present study, FOS immunostain-
ing was performed in brain sections containing IC at
the time point of POD 14, when rats exhibited robust
abdomen hyperalgesia and anxiety. As shown in
Fig. 2a-c, TNBS treatment markedly increased insular
FOS expression in both II-III and V-VI layers. Since
IC is a long brain region along the rostro-caudal axis,
we calculated the number of FOS-immunoreactive

neurons in the anterior, middle and posterior parts of
IC between sham and TNBS groups. Quantification
data showed that TNBS treatment increased the num-
ber of FOS-expressing neurons within the whole IC,
including anterior IC (TNBS: 2425 +211.99 vs saline:
679 + 65.39; P<0.01; n=3 rats for each group), mid-
dle IC (TNBS: 2698.70 +441.55 vs saline: 806 +
161.36; P<0.05) and posterior IC (TNBS: 1517.30 +
246.81 vs saline: 393 + 60.02; P < 0.05) (Fig. 2d). These
data provided evidence for the activation of IC under
the condition of painful CP, laying morphological
foundation for subsequent investigations of electro-
physiological changes.



Bai et al. Molecular Brain (2019) 12:76 Page 7 of 20
A Bregma + 3.00 Bregma + 0.80
________________ Shim.< st =T INBSAAds - . $ham - TNBS14d
,,,,,,,,, iy i Gl i
DIl - DI - e
e EIE e DI
AID | Alp e
AIP
N A UG
< AV
D

@ 4000 Hl Shamn=3
g ~ [ TNBS-14dn=3
2 30004
5
O 20004
w
s
% 1000+
el
£
=
z

vs sham

Fig. 2 The number of FOS-expressing neurons is up-regulated within IC in CP rats. a-c: Immunochemical staining of FOS within different coronal
sections of IC in sham (left) and CP rats on POD 14 (right). Bar = 200 ym. d: Histogram showing the qualification of FOS-expressing neurons
within different parts of IC in saline or TNBS-treated rats. n =3 slices from 3 rats in each group, unpaired t-test, * P < 0.05, ** P<0.01, TNBS
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Insular post-LTP is occluded after TNBS treatment

The advantage of multi-electrode array recordings is to
record multiple sites simultaneously, making it possible
to examine insular neuroplastic changes in both space
and time dimensions [35]. In subsequent studies, we
concentrated on the anterior part of IC since it exhibited
more obvious increase in FOS-expressing neurons in CP
rats than other parts of IC. Moreover, alC participates in
both sensory and emotional aspects of chronic pain [28,
29]. We recorded sections containing alC at the level of
the corpus callosum connection ranging from bregma +
2.58 ~ +1.68 mm according to the rat atlas in stereo-
taxic coordinates [38]. The relative location of MED64
probe within the section was shown in Fig. 3a, b. Firstly,
the input (stimulation intensity)-output (the number of
activated channels) curve markedly shifted to the left in
CP rats compared to sham group on POD 14 (Fig. 3c),
indicating the hyperactivity of local insular neural net-
work in CP rats. Secondly, as shown in Fig. 3d, we suc-
cessfully induced post-LTP in both superficial and
deeper layers within alC after a TBS protocol applied in
the deeper layer of alC in sham rats. However, this po-
tentiation was markedly reduced in the slices of CP rats
(Fig. 3d-h, slope: 134.70 + 5.32% of baseline in CP rats vs
118.50 £ 2.65% in sham rats; amplitude: 140.8 + 8.37% in
CP rats vs 11540 + 3.46% in sham rats; P<0.05; n=6

slices from 6 rats in each group). Finally, spatial ana-
lysis of post-LTP distribution indicated that CP rats
displayed an obvious shrinkage of LTP map com-
pared with sham group (Fig. 3i-j). This occlusive ef-
fect denotes that TNBS-triggered plasticity shares
similar mechanisms with that of electrically-induced
LTP.

Enhanced neuronal activity within alC of CP rats

Then, we assessed electrophysiological changes of in-
dividual insular pyramidal neurons in layers II-III,
which receive sensory inputs from cortical or sub-
cortical areas, via whole-cell patch-clamp recordings
on POD 14 after TNBS treatment (Fig. 4a). Pyram-
idal neurons were identified via spike frequency
adaptation in response to prolonged depolarizing
current injection (Fig. 4b). Firstly, we investigated
the changes of neuronal activity under current-clamp
mode. The input (the intensity of injection current)-
output (spike number) curve obviously shifted to the
left in CP rats compared to sham rats (Fig. 4c, d). In
addition, pyramidal neurons in CP rats showed re-
duced rheobase current and decreased resting mem-
brane potential (Fig. 4e-g, Table 2). All these suggest
the hyperexcitability of insular pyramidal neurons in
CP rats.
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Fig. 3 Post-LTP is occluded within alC in rats with CP. a: Light microscopy photograph showing relative location of alC within the probe. b:
Schematic diagram showing the recording array arrangement. c¢: The input-output curve of the number of activated channels in slices of sham
and CP rats, one-way repeated ANOVA. d, e: A sample of an overview of multisite synaptic responses recorded at baseline (black) and 2 h after
TBS (red) in sham and CP groups, respectively. The flash denotes the stimulated channel. Red and black filled circles mark all activated channels
undergoing and not undergoing LTP, respectively, while the black rectangle represents a typical channel not exhibiting any response in the
baseline. These example traces are shown in an enlarged scale below. Vertical lines demarcate different layers. f, g: Time course of averaged
fEPSP slope and amplitude of all active channels in sham and TNBS groups. The arrow indicates the time of TBS application. Dashed line indicates
the baseline of 100% slope or amplitude. h: The average slope and amplitude of fEPSPs of all active channels within the last 20 min of 140 min
recording in sham and TNBS groups, unpaired t-test. i, j: The polygonal diagram of activated (blue) and LTP-occurring (red) channels within alC
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Enhanced presynaptic transmitter release probability
within alC of CP rats

To explore whether there exist any changes in basal syn-
aptic transmission within alC after TNBS treatment,
sEPSCs were recorded under voltage-clamp mode. A ro-
bust augmentation in both frequency and amplitude was
observed in CP rats (Fig. 5a-c, frequency: 1.46 + 0.28 Hz
in CP rats vs 0.65+0.26 Hz in sham rats; amplitude:
18.48 £ 0.84 pA in CP rats vs 15.06 £ 0.96 pA in sham
rats; P<0.05; n=11 cells in CP group and 12 in sham
group). These results suggest that enhanced presynaptic
glutamate release and postsynaptic responsiveness both
likely contribute to the enhanced excitatory synaptic
transmission in the alC of CP rats.

To verify that presynaptic mechanisms mediate the en-
hanced excitatory synaptic transmission in alC, PPF, a
measure of presynaptic function in which the response
to the second stimulus is enhanced as a result of residual
calcium in the presynaptic terminal after the first stimu-
lus [39], was examined by electrical stimulation of the
deeper layer of alC. As seen in Fig. 5d, PPF was signifi-
cantly reduced at time intervals of 35, 50 and 75 ms in
the aIC of CP rats compared to sham rats.

VGIuT1 is necessary for excitatory synaptic transmis-
sion through glutamate packaging and exocytosis within
cerebral cortex, the number of which has a major impact
on quantal size in glutamatergic neurons [40]. To exam-
ine if there are expressional alterations of VGIuT1
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Table 2 Summary of membrane properties of insular pyramidal
neurons in sham and CP rats

Sham group  CP group P
Passive membrane properties
Resting potential (mV) —7030 £ 148 —-6567 =142 0.048
Membrane resistance (MQ) 2258 £3084 201.33 £ 2235 ns.
Access resistance (MQ) 2344 + 134 23.13 +2.00 ns.
Membrane time constant (ms) 2.07 = 0.26 189 + 0.25 ns.
Active membrane properties
Current threshold (pA) 12067 + 1965 7433 + 860 0.038
Voltage threshold (mV) —3854+1.17 -3945+132 ns.
AP amplitude (mV) 8291 + 231 83.84 + 1.27 ns.
AP rise slope (mV/ms) 13290 + 479 12322 +515 ns.
AP decay slope (mV/ms) 4600 +£383 —-6129+411 0021
AP latency (ms) 21992 £ 4145 38442 £8592 ns.
Cell capacitance (pF) 8281 +9.72 69.75 + 7.11 ns.

Values are means + SEM. The level of significance was determined using
Student’s unpaired t test. P values for the comparison of insular pyramidal
neurons in sham and CP rats

within aIC in CP rats, biochemical and morphological
studies were performed. Biochemical results showed up-
regulated expression of VGIuT1 along the course of CP
(Fig. 5e), which was confirmed by immunohistochemical
staining data showing more VGIuT1-ir terminals were
encountered in TNBS-treated rats on POD 14 than
sham rats (Fig. 5f). These data suggest CP stimulates
glutamate production and release, providing presynaptic
evidence for enhanced synaptic transmission within aIC.

Enhanced postsynaptic responsiveness of AMPAR and
NMDAR within alC of CP rats

To explore postsynaptic mechanisms underlying the en-
hanced excitatory synaptic transmission in the alC of CP
rats, we isolated AMPAR and NMDAR-mediated EPSCs
in the presence of AP-5 and CNQX, respectively. Input
(stimulation intensity) - output (EPSC amplitude) curves
of both AMPAR (Fig. 6a) and NMDAR (Fig. 6b) -medi-
ated currents were significantly shifted to the left after
TNBS treatment, suggesting that both AMPAR and
NMDAR-related mechanisms participate in the postsyn-
aptic enhancement of alC during painful CP.

AMPARs channels are composed of four subunits.
GluR2-containingAMPARs are impermeable to Ca®" [41]
while GluR2-lackingAMPARs possess high Ca>*permeabil-
ity and show inward-rectifying currents [42]. To determine
whether TNBS treatment alters the prevalence of GluR2-
lacking and GluR2-containing AMPARs within aIC, we
examined current-voltage relationship of AMPAR-EPSCs
of insular pyramidal neurons. In sham rats, the AMPAR-
EPSCs showed a near-linear I-V relationship with a reversal
potential near OmV, while the amplitude of AMPAR-
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EPSCs of CP rats was reduced at positive membrane poten-
tials (Fig. 6¢c). The rectification index (Igomv/Lisomv) Of
AMPAR-EPSCs was significantly increased in CP rats com-
pared with sham rats (1.37 £ 0.31 in CP rats vs 0.60 + 0.12
in sham rats; # = 11 neurons in CP rats and 10 in sham rats;
P <0.05; Fig. 6d). All these data suggest chronic pancreatitis
increases GluA2-lacking AMPAR prevalence in alC pyram-
idal neurons. Moreover, the I-V relationship of NMDAR-
mediated EPSCs from sham group showed a typical
outward rectification, which was similar to that of CP rats
(Fig. 6e, f), suggesting no change in the characteristic
of NMDAR-mediated currents during painful CP.

Enhanced phosphorylation and membrane accumulation
ofNR2B and GluR1 within alC in CP rats

NMDAR channels are composed of two major subunits,
including NR1 and NR2A-D. Among these, NR2B is the
predominant subunits within IC, which determines the
trafficking and synaptic localization of NMDAR and
plays an important role in chronic neuropathic pain [15,
43]. As the key subunit of AMPAR (including GluR1-4
subunits) within IC, GluR1 generates AMPAR trafficking
and integration within synaptic membranes and contrib-
utes to the chronification of neuropathic pain [14, 44].
Then, we examined the expressional changes of these
two representative glutamate receptor subunits, NR2B
and GluR1, in CP rats. In consistent with our functional
evidence, biochemical analysis showed that CP triggers
long-term increase in the expression of AMPAR and
NMDAR within alC (Fig. 7a-c). All these data suggest
both insular AMPAR and NMDAR are involved in post-
synaptic enhancement during painful CP.

Both AMPAR and NMDAR are dynamically shifting in
and out of membrane according to synaptic activity,
which in turn determines synaptic strength [45, 46]. To
determine whether membrane glutamate receptors in-
creased in CP rats, biochemical analyses were performed
to measure the abundance of NR2B and GluR1 in both
membrane and cytoplasmic fractions. A clear isolation
of membrane and cytoplasmic protein was confirmed by
the distribution of N-Cadherin, a neural membrane
marker, in membrane protein instead of its cytoplasmic
counterpart (Fig. 7d). Biochemical analysis of NR2B
within alC at different time points showed membrane
expression of NR2B was robustly up-regulated (Fig. 7e
and g), while its cytoplasmic content was significantly
down-regulated in CP rats as compared with sham
group (Fig. 7f and h). In addition, the abundance of
membrane GluR1 was also markedly heightened in CP
rats (Fig. 7e and i), with no striking change in that of
cytoplasmic GluR1 (Fig. 7f and j). In line with increased
inward rectification of AMPAR-mediated currents men-
tioned before, these data supports the increase of mem-
brane calcium-permeable AMPARSs in painful CP rats.
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Phosphorylation is an important posttranslational modi-
fication for glutamateric receptors during their membrane
targeting [43]. Phosphorylation of NMDAR, especially
tyrosine phosphorylation of NR2B at Tyr'*’? site, leads to
enhanced synaptic NMPARs via inhibiting NMDAR
endocytosis and mediates the chronification of neuro-
pathic pain [15]. Likewise, serine phosphorylation of
GluRl at Ser® site also contributes to the
localization and function of insular AMPAR in mice

with nerve injury [14]. To confirm whether similar
posttranslational modifications occurred under the
condition of painful CP, we measured the phosphoryl-
ation status of membrane NR2B Tyr'*’? site and
GluR1 at Ser®* site using phosphorylation site spe-
cific antibodies. Membrane expression of pNR2B at
Tyr'*”? site was robustly ramped up along the course
of CP (Fig. 7e and k), while no striking difference was
detected in its cytoplasmic counterpart between sham
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and CP rats (Fig. 7f and I). Furthermore, the content
of membrane pGluRl at Ser®*® site also increased
along the course of CP (Fig. 7e and m), while cyto-
plasmic pGluR1l remained unchanged, albeit a ten-
dency of declined expression of cytoplasmic pGluR1
in CP group (Fig. 7f and n). All these demonstrated
TNBS injection leads to the recruitment and modifi-
cation of glutamate receptors, providing postsynaptic
evidence for the enhanced synaptic transmission
within alC.

Inhibiting excitatory synaptic transmission within alC
relieves abdomen hyperalgesia

To determine whether the enhanced excitatory transmis-
sion within alC is detrimental in the development of pan-
creatitis pain, the effects of blocking insular glutamatergic
transmission via CNQX and AP-5 on behavioral manifes-
tations of pancreatic nociception were determined (Fig. 8a,
b). Bilateral microinjection of CNQX and AP-5 into aIC
reversed abdomen hyperalgesia in CP rats on POD 14
(AWT: 740+ 1.82¢g for CNQX group, 5.67 +0.87 g for
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AP-5 group and 1.56 +0.56 g for saline group; n=6 in
AP-5 group and 5 in both CNQX and saline groups; P <
0.05; Fig. 8c), which returned to baseline on POD 15
(0.84 £ 0.26 for CNQX group, 0.90 + 0.22 for AP-5 group
and 1.48 £ 0.30 for saline group; P > 0.05; Fig. 8c). These
behavioral results indicated the excitatory glutamatergic
transmission within alC contributes to hyperalgesia of CP
rats.

Inhibiting excitatory alC neurons relieves abdomen
hyperalgesia and anxiety

Previous studies have substantiated that insular abla-
tion could alleviate both neuropathic pain and stress-
related visceral pain [16, 17, 23]. In this study, we
utilized chemogenetics to reversibly, non-specifically
inhibit the activity of alC neurons in CP rats. We tar-
geted inhibitory designer receptor exclusively activated
by designer drug (hM4Di DREADD) [47] to insular
neurons by injecting recombinant adeno-associated
vectors rAAV2/9-hSyn-hM4Di-mCitrine into alC of
CP rats (Fig. 9a, b). Behavioral results showed that
non-selectively inhibiting insular neurons alleviated
abdomen hyperalgesia of CP rats on POD 14 (AWT:
16.29+3.49¢ in group and 3.86+1.10g in mCitrine
group; n=6 rats in Gi group and 7 in mCitrine
group; P<0.05; Fig. 9¢). No significant difference in
baseline AWT was seen 3 days later after CNO treat-
ment between these groups. To determine whether
alC is necessary for the resultant hypolocomotion and
anxiety-like behavior, open field test was subsequently
performed. Comparing to control group, bilateral in-
sular inactivation did not influence animal locomotion

in the open field, albeit an increasing tendency seen in Gi
group (Fig. 9d). However, bilateral insular inactivation al-
leviated the decreased exploratory behavior of CP rats on
POD 14 (Center distance %: 3.63 £ 1.06 in Gi group and
0.28 + 0.11 g in mCitrine group; P < 0.01; Fig. 9¢). All these
suggest that alC mediates hyperalgesia and pain-related
anxiety in CP rats.

To verify whether the pain-facilitating role of alC
was mediated by excitatory pyramidal neurons, we
used DREADDs to specifically suppress the activity of
bilateral IC pyramidal neurons via CaMKIla promoter-
driven expression using rAAV vectors (rAAV2/9-
CaMKIIa-hM4Di-mCherry) under the condition of
painful CP (Fig. 10a, b). Inactivation of alC excitatory
neurons elicited robust analgesic effects in CP rats on
POD 14 (AWT: 11.33+2.77 g in Gi group and 3.67 +
0.56 g in mCitrine group; n=6 rats in each group;
P <0.05; Fig. 10c). Interestingly, inhibiting the activity
of alC pyramidal neurons also alleviated the decrease
in traveling distance as well as the exploratory behav-
ior of CP rats in open field test (Fig. 10d, e). All
these indicate an important role of insular pyramidal
neurons in the production of hyperalgesia and anxiety
during the process of CP.

Discussion

In this study, we provided morphological, biochem-
ical, physiological and behavioral evidence for that the
excitatory synaptic transmission within alC undergoes
long-term potentiation and contributes to behavior
sensitization during painful CP. Both presynaptic and
postsynaptic mechanisms (the enhanced glutamate
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release and the recruitment of membrane glutamate pain sensation, IC is a primary cerebral reception area
receptors) are involved in this process. In addition, for physiological visceral pain signals from the gut
we further revealed that anterior insular pyramidal [49]. Accumulating imaging studies suggest IC also
neurons exhibit hyperactivity under the condition of exhibits activity changes in chronic visceral pain
painful CP. Chemogenetic inhibition of alC pyramidal states, such as IBS and bladder pain syndrome [50].
neurons alleviates both hyperalgesia and pain-related Under the condition of pancreatitis pain, what we

anxiety in CP rats. know is that IC underwent both structural and func-
tional reorganization [7-9, 11]. However, the specific
Insular cortex and visceral pain role of IC during painful CP is not clear. Recent pre-

Insular cortex plays an important role in the process- clinical researches indicated that, similar with the
ing of somatic and visceral information, especially in- condition of neuropathic pain [14, 15], the excitatory
teroceptive signals from internal environment that transmission within alC was enhanced in IBS rat
reflects autonomic activity [26]. As a limbic integrat- model [21, 22] and bilateral alC lesion could mark-
ing region, it is also considered critical for the gener- edly inhibit the formation of visceral hypersensitivity
ation of emotional feelings [27] and mood disorders, [23]. Here, we observed that chronic pancreatitis trig-
including anxiety and depression [48]. With regard to gered long-term up-regulation of glutamatergic
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Fig. 10 Chemogenetic inactivation of bilateral insular pyramidal neurons alleviates abdomen mechanical hyperalgesia and anxiety-like behavior in
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excitatory transmission and neural activity within the somatic pain and causes severer emotional and auto-
alC, which may broaden our understanding of the nomic disorders, which may lead to decreased motor
role of IC in chronic visceral pain. desire. Considering these, both hypolocomotion and

Chronic pain is frequently accompanied by affective  exploratory behavior might be important indicators
disorders, which exacerbate the sensory abnormalities for affective disorders in painful CP. IC has been sup-
of chronic pain [51, 52]. We observed long-term anx- posed to participate in emotional pain modulation.
iety in TNBS-treated rats demonstrated by hypoloco- Based on the connectivity profile, it is considered that
motion and reduced exploratory behavior in the open alC preferably mediates its emotional effect while pIC
field, which was also seen in IBS-related visceral pain is more involved in its somatosensory feature [12].
[32]. This hypolocomotion is not owing to motor co- This theory was supported by the fact that pIC lesion
ordination disorder since rota rod test showed no dif- reduced mechanical allodynia instead of the depres-
ference in the falling latency between sham and CP  sive consequences of chronic neuropathic pain [28].
rats (unpublished observations). It is worth noting Our study showed that the inactivation of alC allevi-
that decreased locomotion is seldom seen in neuro- ated behavioral hypolocomotion and anxiety in CP
pathic pain [51]. One parsimonious explanation is rats, revealing the critical role of alC in encoding the
that visceral pain is usually more unbearable than affective aspect of chronic pain.
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Insular LTP and visceral pain

Excitatory synapses are highly plastic, and LTP of glu-
tamatergic transmission within IC is a key cellular
mechanism for pathological pain [13]. Inducing LTP-
like neuroplastic changes via injecting NMDA into IC
in naive rats produces mechanical allodynia [53],
while inhibiting insular LTP via PKM inhibitor elic-
ited analgesic effects under the condition of neuro-
pathic pain [20]. In the present study, insular post-
LTP could be induced via TBS stimulation in sham
rats instead of TNBS-treated rats. This failure of insu-
lar post-LTP induction was also encountered in mice
with neuropathic pain [15]. All these suggest that, as
similar with neuropathic pain, chronic pancreatitis
pain may also recruit similar molecular mechanisms
with TBS-induced LTP.

Activity-dependent Ca®* flux through NMDAR acti-
vation, induced by excessive presynaptic glutamate re-
lease, is esteemed to initiate downstream signaling
events during insular post-LTP induction [13, 54].
Adenylate cyclase 1 (AC1) is one essential Ca®"-stim-
ulated enzyme that converts ATP to cAMP and acti-
vates downstream signaling molecules, such as protein
kinase A (PKA) and cAMP-response element-binding
protein (CREB). Evidence obtained from neuropathic
pain indicates that nerve injury promotes insular
GluR1l phosphorylation and trafficking. This phos-
phorylation of synaptic GluR1 is site-specific since
only phosphorylation at Ser®*® site (a PKA site) in-
stead of Ser®! site (a CaMKII and PKC site) was in-
creased, suggesting the pivotal role of AC1-cAMP-
PKA pathway under the condition of neuropathic
pain [14]. Meanwhile, the activation of AC1-cAMP-
PKA pathway also facilitates insular NR2B phosphor-
ylation specifically at Tyr'*”> (not Tyr'**® or Ser'*%%)
and forms a positive feedback to enhance NMDAR
function, thus mediating neuropathic pain after nerve
injury [15].

In the present study, our electrophysiological data
provided functional evidence for presynaptic and post-
synaptic amplifications within alC in CP rats, which
was verified by subsequent biochemical studies indi-
cating enhanced expression of VGIuT1 as well as
membrane NR2B and calcium-permeable GluR1 sub-
units. In addition, the amounts of pGluR1 at Ser®*®
and pNR2B at Tyr'*’? also increased within aIC. Con-
sidering these, we proposed that excessive glutamate
release induced by pancreatitis pain may trigger cal-
cium influx into post-synaptic membrane and subsequent
intracellular signaling pathways to phosphorylate GluA1-
containing AMPA receptor and NR2B-containing NMDA
receptor, which promotes membrane trafficking and
long-term potentiation of insular excitatory transmis-
sion. During this process, AC1-cAMP-PKA pathway
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may play an important role in the modification and
recruitment of glutamate receptors. These LTP-like
neuroplastic changes are closely related to behavior
allodynia since inhibiting insular plasticity via
NMDAR and AMPAR antagonists relieved neuro-
pathic pain [14, 15] as well as CP-related hyperalgesia
in this study. These results provide novel cortical
mechanisms for chronic visceral pain and shed light
on drugs targeting at insular post-LTP, for example,
the AC1 inhibitor NB0OO1 [32] in the treatment of
painful CP. One limitation of our study is that we did
not examine whether other glutamate receptor sub-
units and phosphorylation sites are involved in painful
CP. Detailed signaling mechanisms also warrant our
further investigation.

Another limitation of this study is that we only ob-
served the occlusive effects of insular post-LTP under
the condition of painful CP. Apart from post-LTP,
presynaptic LTP (pre-LTP) is a kind of NMDAR-
independent LTP initially reported in hippocampus
[55]. In 2015, this kind of LTP was detected within
ACC by Koga et al. They further observed that this
kind of LTP was occluded under the condition of
chronic pain and anxiety, and erasing ACC pre-LTP
exerted anxiolytic effects during chronic pain [56]. In
light of these, pre-LTP is thought to mediates anxiety
signals triggered by chronic pain, while post-LTP is
related to behavioral hyperalgesia during chronic pain
[57]. In a recent study, Zhuo M et al. succeeded in
recording pre-LTP in the insular cortex, which shared
similar molecular mechanisms with ACC pre-LTP
[58]. In the present study, we observed an increase in
presynaptic glutamate release within alC, suggesting
the possibility of the existence of insular pre-LTP
during painful CP. Considering that both ACC and
alC are involved in emotional pain regulation, we
propose that insular pre-LTP may also be involved in
pain-related anxiety, which merits investigations in
our future study.

Neuromodulation techniques targeting IC as a viable
therapy for painful CP

Generally speaking, glutamatergic pyramidal neurons and
GABAergic interneurons are two major groups within IC
[6]. Pyramidal neurons within superficial layers receive
emotional nociceptive and visceral inputs from medial
thalamus while those within deep layers project toward
subcortical structures for descending pain control. Within
local neurocircuitry, interneurons release GABA to inhibit
insular output activity via feedforward inhibition [6, 12].
Jasmin L et al. observed that selectively activating insular
pyramidal neurons within layer V via GABAjg receptor an-
tagonist elicits hyperalgesia while inhibiting insular output
activity via increasing local GABA content produces



Bai et al. Molecular Brain (2019) 12:76

lasting analgesic effects in naive rats [18]. In the present
study, our functional evidence showed that TNBS treat-
ment robustly elevated the activity of alC pyramidal cells
and chemogenetic inactivation of pyramidal neurons alle-
viated both hyperalgesia and reduced exploratory behavior
in CP rats. Considering these, we concluded that aIC glu-
tamateric neurons mediate hyperalgesia as well as pain-
related anxiety under the condition of painful CP.

Another limitation of our study is that we did not
examine whether activating insular neurons could elicit
visceral pain in naive rats owing to the limitation of our
pain evaluating method. Since VFF probing is a measure
of referred abdominal mechanical hypersensitivity when
pancreatic inflammation invades the peritoneum [59], it
may not be an efficacious index of internal visceral sensa-
tion under normal state. Thus, observing pancreas stimula-
tion induced defensive behaviors via intra-abdominal
electrodes [31] may be a better choice in our future studies
to evaluate the sensory aspect of pancreatitis pain.

Historically, surgeries aiming at reducing ductal hyper-
tension were introduced to treat painful CP in clinic.
Nevertheless, it is not recommended in this day and age
since ductal decompression failed to inhibit already
existed central sensitization [60]. The cornerstone in the
treatment of painful CP relies on multifunctional drugs,
including opiates, antidepressants and antiepileptics,
which provides favorable outcomes yet inevitably un-
bearable adverse effects, such as cognitive impairment
and drug addiction [5]. Fortunately, the advent of brain
stimulation, especially non-invasive paradigms including re-
petitive transcranial magnetic stimulation (rTMS) and
transcranial direct current stimulation (tDCS), produces a
promising alternative for modifying dysfunctional pain-
matrix activity in the treatment of refractory pain disorders
[61]. Recent technical improvements in the development of
cooled double-cone coils in rTMS opened the possibility to
stimulate deeper cortical regions, such as insula [62, 63].
Among various brain targets, such as prefrontal cortex and
primary motor cortex [64, 65], IC is a newly-identified spot
for the intervention of chronic pain. It is well-documented
that insular stimulation relieves both experimentally-
induced pain [62, 66, 67] and neuropathic pain [68]. The
preponderant theory for this is high-frequency stimu-
lation generated neural depolarization blockade [67,
69] or the recruitment of local GABAergic circuit
[66], leading to functional inactivation of insular neu-
rons. In the present study, we successfully relieved
pancreatitis pain and pain-related anxiety in CP rats
through chemogenetic inhibition of alC neuronal ac-
tivity. These data may lay preclinical basis for the ap-
plication of insular stimulation in the remedy of
pharmacoresistant pancreatitis pain, which may out-
perform motor cortex stimulation via targeting the
affective component of pain.
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In conclusion, the data provided in the present work
pinpoint the role of cortical sensitization and modula-
tion in pancreatic visceral pain, supporting insula, espe-
cially its anterior region (alC), as a potential candidate
alleviating visceral hyperalgesia and related affective dis-
orders. Given the prosperity of the domain of neuromo-
dulation this era has witnessed, insular stimulation may
yield tremendous benefits for those suffering from
visceral pain and should be considered by gastroenterol-
ogists in the treatment of CP.
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