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Abstract \
Plastic changes in the anterior cingulate cortex (ACC) are critical in pain hypersensitivity caused by peripheral nerves injury. The
Notch signaling pathway has been shown to regulate synaptic differentiation and transmission. Therefore, this study was to
investigate the function of the Notch signaling pathway in the ACC during nociceptive transmission induced by neuropathic pain. We
adopted Western blotting, N-[N-(3,5-difluorophenacetyl)-I-alanyl]-S-phenylglycine t-butyl ester (DAPT) microinjections, RNA
interference targeting Notch1, Hairy and enhancer of split (Hes) 1 or Hes5, electrophysiological recordings, and behavioral tests to
verify the link between Notch signaling in ACC and neuropathic pain with adult male Sprague-Dawley rats. Levels of the Notch
intracellular domain were increased in ACC on day 7 after chronic constriction injury surgery or spared nerve injury. Meanwhile, the
mRNA level of the downstream effector of Notch signaling Hes1 was increased, whereas the level of Hes5 mRNA did not change.
Microinjection of DAPT, a +y-secretase (a key enzyme involved in Notch pathway) inhibitor, into ACC significantly reversed
neuropathic pain behaviors. Intra-ACC injection of short hairpin RNA-Notch reduced Notch intracellular domain expression and
decreased the potentiation of synaptic transmission in the ACC. Moreover, pain perceptions were also alleviated in rats subjected to
chronic constriction injury or spared nerve injury. This process was mainly mediated by the downstream effector Hes1, but not Hes5.
Based on these results, the activation of the Notch/Hes1 signaling pathway in the ACC participates in the development of
neuropathic pain, indicating that the Notch pathway may be a new therapeutic target for treating chronic pain.
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1. Introduction

Neuropathic pain is one of the most debilitating types of pain and
affects approximately 8% of the global population, despite the
availability of a variety of treatment options. It is an important
public health problem caused by a lesion or disease in the
somatosensory nervous system, and is characterized by
spontaneous pain, thermal hyperalgesia, and mechanical allody-
nia.® '8 Pain is one of the most common clinical symptoms.
Once it tends to be chronic, it will produce a series of pathological
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changes to the organism, and pain itself has become a disease.
Neuropathic pain is a typical example. Strangely, classic
analgesics have limited therapeutic effect on neuropathic pain,
whereas the antidepressants and anticonvulsants show certain
effects at low doses.*® Thus, the elucidation of the underlying
mechanisms of neuropathic pain and development of new
therapeutic agents are major challenges.

The mechanisms of neuropathic pain are complicated due to
the presence of many factors. Central sensitization is considered
to play an important role in the mechanism of neuropathic pain.
The anterior cingulate cortex (ACC) is a structure in the limbic
system that is responsible for the emotional processing of
noxious stimuli.2%?333 It is a complex and heterogeneous cortical
region that mainly receives afferent inputs from the medial
thalamic nuclei containing nociceptive neurons that receive input
from the spinothalamic tract.'®3® However, neurons in the ACC
have recently been shown to play pivotal roles in mediating the
somatosensory component of physiological and pathological
pain. Disruption of long-term potentiation in the ACC relieves
neuropathic pain®® and a local lesion or electrical stimulation
effectively reduces neuropathic pain in both human and rats.®'4
Those findings have prompted particular interest in the ACC as a
region involved in the neural mechanism of neuropathic pain.

The Notch signaling pathway is a highly conserved pathway
throughout evolution. It originated from genetic studies in
Drosophila, when observed in mutant flies with notched wings,
a phenotype that later provided the name for it. Notch is a
transmembrane signaling protein. Interaction of the receptor with
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atransmembrane ligand on a juxtaposed cell results in proteolytic
cleavage of the receptor, first by an ADAM metalloprotease and
subsequently by the y-secretase enzyme complex. The latter
cleavage liberates the Notch intracellular domain (NICD) that
translocates to the cell nucleus, where it regulates the transcrip-
tion of downstream genes.32 Notch signaling plays important
roles in many physiological and pathological developmental
processes such as vasculogenesis, cell proliferation and migra-
tion, immune response, cancer metastasis, and memory and
neurological diseases.?>2841

Activation of Notch signaling regulates synaptic differentiation
and transmission in the hippocampus.'® Moreover, the Notch
pathway plays a pivotal role in the induction and maintenance of
neuropathic pain at the spinal level.’” Researchers have not
clearly determined whether the Notch signaling pathway plays a
role in central sensitization in ACC induced by neuropathic pain.
Therefore, this study intended to illustrate the effect of the Notch
signaling pathway on neuropathic pain in the ACC of animal
models with peripheral never injury.

2. Materials and methods
2.1. Experimental animals

Adult male Sprague-Dawley rats weighing 240 to 340 g and aged
9to 11 weeks (Shanghai Sipper; BK Laboratory Animals Co, Ltd,
Shanghai, China) were maintained at a room temperature of 23 to
28°C and at 50% to 60% humidity on a 12-hour light/dark cycle
with free access to water and food. Efforts were made to reduce
the number of animals used to the minimum number required for
statistical accuracy and minimize their suffering. The animals
were anesthetized with an intraperitoneal injection of pentobar-
bital sodium (40 mg/kg) when surgical procedures were
performed. The procedures adhered to the National Institutes
of Health Guide for the Care and Use of Laboratory Animals and
were approved by the Ethical Committee for Animal Research of
Fudan University (No. 201802130S).

2.2. Chronic constriction injury surgery

Chronic constriction injury (CCl) surgery was performed in
accordance with the method described in a previous study® and
followed the ethical guidelines of the Intemational Association for
the Study of Pain regarding the use of laboratory animals. Animals
were randomly allocated to each group and then intraperitoneally
injected with pentobarbital sodium before surgery. In the CCI
group, the left sciatic nerve of rats was exposed unilaterally at the
midthigh level, and 4 chromic gut (5-0) ligatures were tied loosely
around the nerve proximal to its trifurcation at 1 to 1.5 mm intervals.
The sciatic nerve was exposed without ligation for the sham
surgery. The day of surgery was considered day 0. After CCl, the
rats walked with an obvious limp, raised the affected hind paw, and
held it in a protected position with the toes together,® which was
not observed in other rats.

2.3. Spared nerve injury surgery

The spared nerve injury (SNI) model was established as previously
described.'? Briefly, an incision was made on the upper edge of the
left hind leg of the rat. The muscles were separated to expose the
sciatic nerve trunk and carefully separate its 3 branches: tibial,
common peroneal, and sural nerves. Then, the tibial and peroneal
nerves were ligated and 2 to 3 mm of the nerves distal to the ligation
was removed, whereas the sural nerve remained intact. Then, the
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muscle and skin incisions were closed. In the sham surgery
groups, only the sciatic nerve trunk and its branches were
exposed, but the animals did not undergo ligation and transection.

2.4. Cannulation and microinjection

The rats were anesthetized with pentobarbital sodium and fixed on
a stereotaxic apparatus with the bregma and lambda at the same
horizontal level. A 30-gauge stainless steel guide cannula with a
33-gauge stainless steel stylet plug (Shenzhen RWD Life Science
Co, Ltd, Shenzhen, China) was bilaterally implanted into the ACC
(2.7 mm anterior from the bregma, = 0.6 mm lateral to the midline,
and 2.0 mm ventral from the dura; 0.4 mm anterior from the
bregma, = 0.6 mm lateral to the midline, and 2.0 mm ventral from
the dura) according to the rat brain atlas. Next, 3 stainless steel
screws were inserted into the skull around the cannulas and fixed
with dental acrylic. The dummy cannulas were left in place for the
infusion. After cannulation, animals were housed individually. For
infection prophylaxis, penicillin (80,000 units) was administered 1
day before surgery and 2 consecutive days after surgery. The
cerebral microinjection was performed one week after cannulation.
Before the microinjection, the dummy cannulas were removed and
internal injection cannulas (32 gauge), which extended 0.5 mm
beyond the guide cannulas, were inserted. A 10-pL Hamilton
syringe was connected to the injection cannula by a long flexible
pipe and driven by an automated syringe pump (Stoelting Co.,
Wood Dale, IL). Avolume of 2 L of solution was injected at a rate of
0.2 pL/minute. The injection cannula was left in place for additional
5 minutes to minimize the efflux of the drug. Animals were allowed
additional 1 hour to recover before beginning the behavior tests.
DAPT was microinjected into the bilateral ACC region of the brain
oncedailyondays0, 1,2, 3, and 4 after CCI. For the microinjection,
N-[N-(3,5-diflucrophenacetyl)-l-alanyl]-S-phenylglycine t-butyl es-
ter (DAPT, 5 mg; Sigma-Aldrich China, Catalog #D5942, Shanghai,
China) was dissolved in a solution of dimethyl sulfoxide prepared in
0.1M sterile phosphate-buffered saline (PBS) that was ultra-
sonicated for 10 minutes. Vehicle-treated animals received similar
volumes of 0.1M sterile PBS or 0.1M sterile PBS with 1% dimethyl
sulfoxide.

2.5. Mechanical allodynia test

The mechanical threshold of the ipsilateral hind paws of the rats
was tested, and the experimenter was blinded to the drug
application. All rats were placed in a Plexiglas box with a metal net
bottom for 30 minutes per day for 3 days before the tests. After
habituation to the environment, a series of von Frey hairs with
logarithmically increasing stiffness (0.4, 1, 1.4, 2, 4, 6, 8, 10, and
15 g) (Stoelting Co) were used to stimulate the hind paw. The
filament was applied perpendicular to the plantar surface with a
sufficient force to bend it for 3 seconds. A positive performance
was recorded if the hind paw was rapidly lifted and completely
raised from the platform. We used the up-down method to
determine the withdrawal threshold.”

2.6. Thermal hyperalgesia test

Thermal hyperalgesia was assessed using the test described by
Hargreaves et al.'® After habituation in the Plexiglas box on a 3-
mm-thick glass plate for 30 minutes, the plantar surface of the
hind paw of each animal was irradiated with heat source within a
0.5-cm-diameter circle using a BME-410 thermal radiation
stimulator (Institute of Biomedical Engineering, Peking Union
Medical College, Tianjin, China) at 10 V and 30 W. The time from
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the start of irradiation to paw withdrawal was considered the paw
withdrawal latency value to reflect the threshold of thermal
sensitivity. Thirty seconds was set as the cutoff time to avoid
tissue injury. Each hind paw was tested 3 times with a 6- to 8-
minute interval between trials, and the mean value was calculated
for the analysis.

2.7. Open-field test

The open-field test was applied to detect movement. All animals
were acclimated to the testing room for 30 minutes before the test.
The rats were individually placed at the center of the box, which had
4 transparent walls, a gray bottom, and an open top. The total
distance that each rat traveled in 15 minutes was measured with a
tracking analysis system (Coulbourn Instruments, Holliston, MA).
The distance was used as a parameter for rat locomotion.

2.8. Adeno-associated virus generation and injection

A short hairpin RNA (shRNA) targeting Notch1 was constructed and
inserted in an adeno-associated virus (AAV) vector carrying a green
fluorescent protein (GFP) by Obio Technology (Shanghai, China); this
shRNA specifically targets rat neurons and enables significant
downregulation of Notch1 expression. In addition, shRNAs targeting
Hes1 and Hesb5 were constructed to downregulate the expression of
Hes1 and Hesb, respectively. Briefly, the coding sequences of the
genes were artificially synthesized. The same vector backbone was
used to generate a negative control.

For the virus microinjection, rats were anesthetized by
administering an intraperitoneal injection of sodium pentobarbital
and placed in a stereotactic frame. Then, the rats were injected
with 2 L of the virus or DAPT into the bilateral ACC with a
microsyringe (10 plL) at a slow rate (over 5 minutes). The
microsyringe was left in place for additional 5 minutes and slowly
withdrawn to prevent back flow.

2.9. Reverse transcription-quantitative polymerase
chain reaction

Total RNAs were extracted from the ACC using a High Pure RNA
Tissue Kit (Roche) according to the manufacturer’s instructions.
Real-time quantitative PCR was performed to analyze levels of the
Notch1, Hes1, and Hes5 transcripts using a StepOne Real-Time
PCR System (ABI). Primers for the selected genes were designed
using Primer 5.0 software (Premier, Palo Alto, CA), and their
specificity was confirmed by a BLAST search (http://Awww.ncbi.nim.
nih.gov/blast/Blast.cgi). GAPDH served as an endogenous control
gene. Primers were purchased from Invitrogen. The following
primers were used for gRT-PCR: Notch1: Forward 5-TGCCAACA-
TCCAAGACAAC-3, Reverse 5- CATCCACAGCATTGACATCAG-
3, length of the amplified product, 218 bp; Hesl1: Forward
5-GAAAGATAGCTCCCGGCATTCC-3, Reverse 5-CTCGTTCAT-
GCACTCGCTGAAG-3, length of the amplified product, 163 bp;
Hesb: Forward 5-GCTGAAACTGCTGCTGGAG-3, Reverse
5-GCCGCTGGAAGTGGTAAAG-3, length of the amplified prod-
uct, 251 bp; and GAPDH: Forward 5-GGAGTCTACTGGCGTC-
TTCAC-3, Reverse 5-ATGAGCCCTTCCACGATGC-3, length of
the amplified product, 237 bp.

2.10. Western blot

The rats were deeply anesthetized with an i.p. injection of sodium
pentobarbital, decapitated, and then the regions encompassing the
bilateral ACC and hippocampus were dissected at designated time
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points and preserved in liquid nitrogen. Next, total proteins were
extracted from the ACC and hippocampus by homogenizing the
tissues in ice-cold RIPA lysis buffer (Beyotime Biotechnology,
Shanghai, China) supplemented with 0.1 mM phenylmethylsulfonyl
fluoride-protease inhibitors and phosphatase inhibitors, lysed on ice
for 30 minutes, and centrifuged at 4°C for 10 minutes. Samples were
heated at 95°C for 10 minutes in loading buffer before equal amounts
of protein were loaded onto a 10% sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS-PAGE), electrophoretically
separated, and then transferred to polyvinylidene difluoride mem-
branes at 4°C. After blocking with 5% nonfat milk for 2 hours at room
temperature, membranes were incubated ovemnight at 4°C with a
primary antibody against NICD (1:1000 dilution; Cell Signaling
Technology #3608, Danvers, MA) or B-actin (1:500 dilution, Boster
#BM3873, Wuhan, China). Membranes were washed with PBS
buffer, incubated with horseradish peroxidase-conjugated secondary
anti-rabbit IgG (1:2000 dilution; Abcam #ab6721, Cambridge, MA) for
2 hours at room temperature, and the bands were visualized using
enhanced chemiluminescence (ECL, Thermo Fisher China, Shangai,
China). The relative levels of the target protein normalized to B-actin
levels were determined by performing a densitometry analysis using
ImagedJ software (National Institutes of Health, Bethesda, MD).

2.11. Immunohistochemistry

We deeply anesthetized the animals with pentobarbital sodium and
immediately transcardially perfused them with 0.1 M PBS (pH 7.2-
7.4) followed by 4% paraformaldehyde. Then, the brains were
removed and postfixed with 4% paraformaldehyde for 4 hours,
followed by an incubation in 30% sucrose overight at 4°C for
cryoprotection until the tissues sank to the bottom. Sagittal
sections through the entire brain were cryosectioned at a 40-pm
thickness. Then, the sections were blocked with 5% goat serum for
1 hour at room temperature and subsequently incubated overnight
at 4°C with a chicken anti-GFP antibody (1:500 dilution, Abcam
#ab13970). After 3 washes with PBS, sections were incubated at
room temperature for 2 hours with a mixture containing 1:250
dilutions of Alexa Fluor 488-conjugated goat anti-chicken anti-
bodies (1:1000 dilution, Abcam #ab150173). Staining of the
sections was visualized with a confocal microscope.

2.12. Electrophysiology

The rats were deeply anesthetized and decapitated. Brains were
rapidly removed and incubated in a chilled artificial cerebrospinal fluid
(ACSF: 124 mM NaCl, 2.5 mM KCI, 1 mM MgSQy, 2 mM CaCl,,
1 mM NaH.PQ,4, 25 mM NaHCOs, and 10 mM glucose) bubbled
with 95% O, + 5% CO,. The slices (400 wm) were cut with a
vibrating microtome (VT-1200; Leica Biosystems China, Shanghai,
China). Slices containing the ACC were transferred to another gas
interface-type recording chamber and maintained in room temper-
ature (23 = 2°C) for at least 2 hours before the recordings.

Voltage clamp recordings were obtained from pyramidal neurons
in layer lI/lll of the ACC slices. Whole-cell patch microelectrodes (5-7
MQ) were filled with (in mM) 2 MgCl,, 2 K;ATP, 1 CaCl,, 140 K-
gluconate, 11 EGTA, and 10 HEPES. For the recordings of miniature
excitatory postsynaptic currents (MEPSCs), tetrodotoxin (0.5 M)
and picrotoxin (100 wM) were present in the ACSF. An Axon 700B
patch clamp amplifier (Molecular Devices, San Jose, CA) was used
for the recordings. Currents were filtered at 5 kHz using a Digidata
1440 attached to Clampfit 10.1 (Molecular Devices). Recordings
with steady series resistances of <30 M() were the only recordings
included in the analysis. The series resistance and junction potential
were compensated using the bridge circuit.
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2.13. Statistical analysis

Data were analyzed with SPSS 20.0 software (SPSS Inc,
Chicago, IL). The data are reported as mean = SEM. Student -
test was used when only 2 groups were compared, and one-way
analysis of variance (ANOVA) with Tukey multiple-comparison
post hoc tests were used when more than 2 groups of data were
compared. Behavioral data were analyzed using a two-way
repeated-measures ANOVA with the group as a between-groups
factor and time as a repeated-measures factor, followed by the
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Bonferroni post hoc test. P values less than 0.05 were considered
statistically significant.

3. Results

3.1. Chronic constriction injury increased Notch intracellular
domain levels in the anterior cingulate cortex

After the establishment of the CCI model, both mechanical
allodynia and thermal hyperalgesia were produced persistently as
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Figure 1. Nerve injury increases NICD levels in the ACC. (A) The two-way repeated-measures ANOVA revealed a significant effect of the interaction of surgery
(Sham vs CCl) and time (day —1, 1, 3, 7, 10, 14, 21, and 28) on the mechanical withdrawal thresholds of rats (F = 13.76, P < 0.001***, n = 8 animals per group,
two-way ANOVA). A post hoc test (Bonferroni) revealed a decrease in the mechanical withdrawal thresholds of the CCl compared to the Shamratsonday 1, 3, 7,
10, 14, 21, and 28 (black: Sham, red: CCl). (B) Two-way repeated-measures ANOVA revealed a significant effect of the interaction of surgery (Sham vs CCI) and
time (day —1,1, 3,7, 10, 14, 21, and 28) on the paw withdrawal latency of rats (F = 12.03, P < 0.001***, n = 8 animals per group, two-way ANOVA). A post hoc test
(Bonferroni) showed a decrease in the paw withdrawal latency in the CCI group compared to the Shamrats on days 1, 3, 7, 10, 14, 21, and 28 (black: Sham, red:
CCQl). (C-E) Western blot showing the levels of NICD in the ACC of Sham and CCl rats. Bottom panel, quantification of the intensity of the NICD bands (white: Sham
group; gray: CCl group). NICD levels were only increased in the ACC at 7 days after CCI. The data are presented as mean = SEM (P = 0.014*, Student t-test,n = 8
samples per group). On day 3 (C) and 14 (E), no difference in the NICD levels was observed. (F-H) Western blot showing NICD levels in the hippocampus of Sham
and CCl rats on day 3 (F), 7 (G), and 14 (H) after surgery. Bottom panel, quantification of the intensity of the NICD bands. A difference in NICD levels in the
hippocampus was not observed at different time points (Student t-test, n = 8 samples per group). ACC, anterior cingulate cortex; ANOVA, analysis of variance;
CCl, chronic constriction injury; NICD, Notch intracellular domain.
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previously reported'? ([Fig. 1A, sham vs CCl, P < 0.001, two-way
ANOVA], [Fig. 1B, sham vs CCl, P < 0.001, two-way ANOVA], n
= 8). The ACC is an important region of the brain involved in
neuropathic pain formation.*” We first examined the levels of the
NICD in the ACC of rats with a peripheral nerve injury using
Western blotting to explore whether the Notch signaling pathway
is involved in pathologic process of neuropathic pain. Notch
intracellular domain levels increased on day 7 after CCI surgery,
whereas no differences were observed on days 3 or 14 (Fig. 1C,
[Fig- 1D, sham vs CCl, P = 0.014, Student t-test], Fig. 1E, n = 8).
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We also examined the NICD levels in the hippocampus to
investigate whether the changes were specific to the ACC. Notch
intracellular domain levels in the hippocampus did not change
significantly (Figs. 1F-H). Thus, CCI temporarily increased NICD
levels in the ACC.

3.2. Microinjections of DAPT attenuated neuropathic pain

Next, we sought to assess whether Notch upregulation
contributed to the pathological process of neuropathic pain.
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Figure 2. Microinjections of DAPT into the ACC relieved CCl-induced neuropathic pain in a dose-dependent manner. (A) Schematic of the early ACC
microinjection experiments. (B) Representative rat section through the ACC, 1.7 mm rostral to the bregma. (C) The NICD level was significantly decreased 7 days
after CCl in the DAPT group compared to the Vehicle group (P < 0.001***, Student t-test, n = 8 samples per group). (D) There were no differences in NICD level
between DAPT and Vehicle groups 14 days after CCl. (E) Two-way repeated-measures ANOVA indicated a significant effect of the interaction of DAPT (CCI +
DAPT vs CCI + Vehicle) and time (day —1 to 28) on the mechanical allodynia induced by the intra-ACC microinjection of DAPT (50 ng and 2 uL each side) (F =
3.926, P < 0.001***, n = 8 animals per group, two-way ANOVA). A post hoc test (Bonferroni) revealed that the microinjection of DAPT reversed the mechanical
allodynia of CCl rats compared to the Vehicle (black: CCl + Vehicle, red: CCl + DAPT). (F) Attenuation of CCl-induced thermal hyperalgesia by the intra-ACC
microinjection of DAPT (F = 3.536, P = 0.0018*, n = 8 animals per group, two-way ANOVA followed by the Bonferroni post hoc test, black: CCI + Vehicle, red:
CCI + DAPT). (G) Reversal of mechanical allodynia after CCl by microinjections of different doses of DAPT; only 50 g and 100 pg significantly reversed the paw
withdrawal threshold (F = 2.098, P = 0.0044**, n = 8 animals per group, two-way ANOVA followed by the Bonferroni post hoc test, black: CCI + Vehicle, red: CCl
+ DAPT 20 pg, green: CCI + DAPT 50 pg, blue: CCI + DAPT 100 pg). (H) Microinjections of different doses of DAPT into the ACC increased the paw withdrawal
latency (F = 2.875, P < 0.0001***, n = 8 animals per group, two-way ANOVA followed by the Bonferroni post hoc test, black: CCI + Vehicle, red: CCl + DAPT 20
rg, green: CCI + DAPT 50 pg, blue: CCI + DAPT 100 pg). ACC, anterior cingulate cortex; ANOVA, analysis of variance; CClI, chronic constriction injury; DAPT,
N-[N-(8,5-difluorophenacetyl)-I-alanyl]-S-phenylglycine t-butyl ester; NICD, Notch intracellular domain.

¥



www.painjournalonline.com

268 H. Duan et al. e 162 (2021) 263-274

DAPT (50 p.g), a y-secretase (a key enzyme involved in the Notch
signaling pathway) inhibitor, was microinjected into the ACC for 5
consecutive days immediately after CCl surgery to inhibit the
activation of the Notch signaling pathway (Figs. 2A and B). As a
result, NICD levels were significantly decreased 7 days after the
first microinjection and returned to normal on day 14 ([Fig. 2C,
CCI + vehicle vs CCI + DAPT, P < 0.001, Student t-test], Fig.
2D, n = 8). Mechanical allodynia and thermal hyperalgesia were
persistently attenuated after the microinjection of DAPT (Figs. 2E
and F). Moreover, DAPT microinjections exerted dose-
dependent effects on neuropathic pain (Figs. 2G and H).

When DAPT was injected into the ACC 2 weeks after CCI
surgery for 5 consecutive days (Fig. 3A), NICD levels also
decreased (Fig. 3B, CCI + vehicle vs CCl + DAPT, P < 0.001,
Student t-test, n 8). However, this treatment reversed
mechanical allodynia and thermal hyperalgesia for only a few
days (Figs. 3C and D). Then, we performed an open-field test to
exclude the possible effect of DAPT on the motor functions of the
rats that might alter the pain behaviors. The microinjections of
DAPT for 5 consecutive days did not change the total and center
distance traveled or the total and center time in the normal rats
during the 30-min recording time (Figs. 3E and F). Based on
these results, Notch activation might contribute to the formation
of neuropathic pain.

PAIN®

3.3. Downregulating Notch1 in the anterior cingulate cortex
persistently alleviated neuropathic pain

Because the +y-secretase complex hydrolyzes the transmem-
brane domains of several integral membrane proteins, including
the key signaling molecule amyloid precursor protein, Notch,
deleted in colorectal cancer, and N- and E-cadherins,'’ DAPT
may not specifically act on Notch and may target other signaling
molecules. We used a local RNA interference technique to
confirm the effect of Notch on neuropathic pain, and shRNA-
Notch1 and shRNA-control were microinjected into the ACC
before the CCI surgery (Figs. 4A and B). Western blot result
showed a significant reduction in NICD levels in the ACC 3 weeks
after the microinjection of shRNA-Notch1 (Fig. 4C, CCl +
shRNA-control vs CCI + shRNA-Notch1, P = 0.0014, Student
t-test, n = 8). At 21 days after microinjections of AAV-Notch1 and
AAV-control, GFP expression was detected in the coronal section
through the ACC (Fig. 4D). It showed that microinjection of AAV-
control had no effect on pain perception of CClI rats; the paw
withdrawal threshold and the paw withdrawal latency were
significantly attenuated in CCl group and had no obvious
changes in sham group by Notch1 interference (Figs. 4E and
F). Moreover, the microinjection of shRNA-Notch1 did not
change the total and center distance traveled or the total and
center travel time during the 30-min recording time in the open-
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field test (Figs. 4G and H). Thus, the downregulation of Notch1 in
the ACC attenuated the development of neuropathic pain.

pyramidal neurons to verify that Notch1 contributes to the
synaptic transmission potentiation in the ACC after nerve injury
(Fig. 5A). The results were consistent with previous studies?®-3°
because significant increases in the amplitude and frequency of
mMEPSCs were observed in the ACC neurons after CCl (days 7-
14). Meanwhile, the amplitude and frequency of mMEPSCs were

3.4. Disruption of Notch1 expression decreases synaptic
transmission in the anterior cingulate cortex

An increase in excitatory synaptic transmission in the ACC is
responsible for neuropathic pain generation.?® We investigated
the probability of a-amino-3-hydroxy-5-methyl-4-isoxazole-pro-
pionic acid (AMPA) receptor-mediated responses of ACC

significantly decreased in the shRNA-Notch1 group (Figs. 5B-E).
Based on these results, Notch1 RNA interference in the ACC
reversed the potentiation of synaptic transmission after peripheral
nerve injury.


www.painjournalonline.com

270 H. Duan et al. e 162 (2021) 263-274

PAIN®

A Sham

shRNA-Ctrl

CClI

T ——

e

e 18

e MA il

ShRNA-Ctrl WW
CCl

shRNA-Notch1 s L o ‘I-'rr" = 5 00 sl it i Bt ) st o i
| 40 pA
5s
B 1.0 o e  vvw w c 1.0 B XA B .
2 2
5 3
2 2
o 0.5 o 0.5
Q Q
[ [
2 2
kS ©
= =
€ E
=} 3
[SI) © 0 ~
0 40 80 120 0 4 8
Amplitude (pA) Inter-event interval (x10°ms)
D 2 207 * Hk E 5 39 * *%
s s
[} 15 1 by
E 5 2]
= 3
g 10 g
®© =t
(@] O 14
(7] 5 (7]
o o
w w
E £
0 - 04
> Q < NS Q N
,@‘Q fen oo\ o 00\ \;o‘c’ be@ o 00\ o < eo\o
¥ & & asF & ¥
Y oY & Y Y &

Figure 5. shRNA-Notch1 reversed the potentiation of synaptic transmission in the ACC. (A) Representative voltage clamp traces show mEPSCs recorded from
ACC neurons in slices from different groups at a holding potential of —70 mV. Scale bars represent 10 pA and 500 ms. (B) Cumulative probability representing the
amplitude of MEPSCs in ACC neurons from different groups (black: Sham + shRNA-Ctrl, red: CCl + shRNA-Citrl, green: CCl + shRNA-Notch1). (C) The
cumulative probability represents the frequency of mMEPSCs in ACC slices from different groups (black: Sham + shRNA-Ctrl, red: CCl + shRNA-Ctrl, green: CCI +
shRNA-Notch1). (D) Amplitude of mEPSCs recorded in slices from Sham rats (black: n = 20 neurons from 5 rats), rats after CCl (red: n = 18 neurons from 5 rats),
and shRNA-Notch1 group (green: n = 23 neurons from 6 rats). *P < 0.05, **P < 0.01 compared with the CCI group. (E) Frequency of mMEPSCs recorded in slices
from Sham rats, rats after CCl, and rats after CCl with the shRNA-Notch1 microinjection. *P < 0.05 and **P < 0.01 compared with the CCl group. ACC, anterior
cingulate cortex; CCl, chronic constriction injury; mEPSC, miniature excitatory postsynaptic current; shRNA, short hairpin RNA.

3.5. Downregulation of Hes1 attenuated neuropathic pain

The Hes family are effectors of Notch signaling that play a pivotal
role in synaptic plasticity.>” Hes1 and Hes5 are downstream
effectors of the Notch signaling pathway.'” The upregulation of
the Notch1 mRNA was accompanied by an increase in the
expression of the Hes1 mRNA, but not the Hes5 mRNA ([Fig.
6A, shamvs CCl, P = 0.0232, Student t-test]; [Fig. 6B, shamvs
CClI, P = 0.0063, Student t-test]; [Fig. 6C, sham vs CClI, P =
0.7783, Student t-test], n = 6). We established AAV vector
systems to infect neurons with shRNA-Hes1 and shRNA-Hes5
(Fig. 6D). Hes1 expression was significantly reduced in the ACC
after the AAV microinjection (Fig. 6E, CCl + shRNA-control vs
CCl + shRNA-Hes1, P < 0.0001, Student t-test, n = 6). In
addition, the paw withdrawal threshold and the paw withdrawal
latency were significantly attenuated by Hes1 downregulation in
CCl-treated rats (Figs. 6F and G). Although Hes5 expression
was significantly reduced in the ACC after the AAV microinjec-
tion as well, the pain behavior was not affected by Hesb5
downregulation ([Fig. 6H, CCl + shRNA-control vs CCl +
shRNA-Hes5, P < 0.0001, Student t-test, n = 6], Figs 61 and J).

Therefore, Hes1, but not Hesb, played a key role in the pathological
process of neuropathic pain.

3.6. Disruption of Notch1 reversed the mechanical allodynia
in the spared nerve injury-induced neuropathic pain model

We wanted to determine whether increased NICD levels would be
observed in other neuropathic pain models. An SNI model was
successfully established (Figs. 7A and B), and NICD levels were
significantly increased in the ACC of the SNI model 7 days after
surgery, similar to the CCl model (Fig. 7C, sham vs SNI, P =
0.0282, Student t-test, n = 8). Moreover, shRNA-Notch1
attenuated the mechanical allodynia in the SNI model as well
(Fig- 7D). Thus, the activation of the Notch1 signaling pathway in
the ACC is a general phenomenon induced by neuropathic pain.

4. Discussion

Peripheral nerve injury often results in central sensitization in the
spinal cord, and supraspinal and cortical areas of the brain,
including the somatosensory cortices, the amygdala, the
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cortex; ANOVA, analysis of variance; CCI, chronic constriction injury; Hes, hairy and enhancer of split; shRNA, short hairpin RNA.

prefrontal cortex, the insular cortex, and the ACC."*182 Plastic
changes in those areas might result in increased pain sensitiv-
ity.*® Here, we focused on the ACC, a key cortical area that is not
only involved in processing pain-related emotion but also plays a
role in the transmission of pain sensation.®3!4%4446 previous
studies mainly focused on the role of Notch pathway in the
determination of cell fate. The results presented in this study
confirm the relation between the activation of the Notch signaling
pathway in the central nervous system and the induction and
maintenance of neuropathic pain.

Several studies have reported an association between the Notch
pathway and neuropathic pain formation in the spinal cord, but
researchers had not determined whether this pathway exerted the
same effect on nerve injury in the central nervous system. In this
study, NICD levels were increased in the ACC of 2 neuropathic pain
models (CCl and SNI) in the early phase (day 7). However, there
was no changes of NICD levels in the hippocampus, indicating that

the Notch signaling pathway may be activated specifically in the
ACC after peripheral nerve injury. Notch intracellular domain levels
increase in rat sciatic nerves and the dorsal horn of the spinal cord
after injury, and the level of NICD also peaked at day 7 and lasted
for 14 days.?®% Chen et al. identified direct descending
projections from the pyramidal neurons in the ACC to the dorsal
horn of the spinal cord.® According to the results from different
studies, ACC activation induces long-lasting facilitation of spinal
nociception that might be related to persistent hyperalgesia.®
However, whether acute changes of NICD level contributed to the
persistent pain was unknown. A gamma-secretase (a key enzyme
involved in the Notch signaling pathway) inhibitor, DAPT, was
microinjected in a rat model of CCl-induced neuropathic pain
before or after the appearance of pain sensitivity to investigate the
role of Notch signaling in the ACC during the pathological process
of neuropathic pain. Early inhibition of the Notch signaling pathway
persistently attenuated pain perception in a dose-dependent
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manner. However, when DAPT was microinjected after neuro-
pathic pain was established, it only ameliorated the behaviors for a
short time. Combined with the increased levels of NICD observed
on day 7 after CCl that recovered to the baseline values on day 14,
we speculated that the Notch signaling pathway might have a
prominent role in the early pathogenesis of neuropathic pain.
DAPT also participates in the proteolytic cleavage of deleted in
colorectal cancer and amyloid precursor protein, in addition to
Notch.' Because DAPT is a nonspecific inhibitor of Notch
receptor, we then performed intra-ACC microinjections of an
shRNA-Notch1-expressing recombinant AVV to validate the
function of the Notch1 signaling pathway in neuropathic pain in
the ACC. The silencing of Notch1 with an shRNA also significantly
inhibited the development of neuropathic pain, similar to DAPT.
The potentiation of synaptic transmission in the ACC was
reported to be the key mechanism underlying neuropathic
pain.8%*® And a study showed that the activation of Notch
signaling regulates synaptic transmission in the hippocampus.’
Thus, given the possible link between synaptic transmission and
the Notch signaling pathway in the pathological process of
neuropathic pain, we further confirmed that the shRNA-Notch1-
expressing recombinant AAV decreased excitatory synaptic
transmission using electrophysiological techniques. Therefore,
the increased NICD levels observed in the ACC after nerve injury
might lead to the potentiation of synaptic transmission, and the
subsequent generation of neuropathic pain after nerve injury.
The Notch signaling pathway controls the choice between
excitatory and inhibitory cell fates during development, and its
activation promotes the generation of excitatory neurons from
the sensory interneuron progenitors.® Although we targeted
neurons, the Notch1-expressing AAV vector mentioned above
was nonselective because it did not use specific promoters to
target certain populations of neurons, such as excitatory or
inhibitory neurons. GABAergic disinhibition is considered a
major mechanism of neuropathic pain.*'® Previous studies

have described links between the balance of glutamate/GABA
transmission in the ACC and nociceptive responses, based on
the hypothesis that GABAergic disinhibition may facilitate
glutamate-mediated excitatory transmission in the ACC.5%42
Thus, the mechanism by which the Notch signaling pathway
regulates the balance of glutamate/GABA transmission during
neuropathic pain requires further study. A recent study in-
dicated a role for the Notch pathway in astrocyte activation after
spinal cord injury.®* Activation of glial cells is emerging as key
mechanism underlying chronic pain.??*% Given the importance
of supraspinal glial activation in the descending facilitation of
nociception,*® studies aiming to explore whether Notch
signaling in glia also contributes to hypersensitivity in the ACC
will be interesting.

The Hes family of transcription factors regulates neuronal
function and morphology.17 The human Hes family contains 7
members, Hes1-7, which are expressed in many tissues and play
various roles mainly in development. These proteins may act
alone or together to regulate different physiological and patho-
logical processes.?'®3% Hes1 and Hes5 are downstream
effectors of the canonical Notch signaling pathway, which
regulates cell differentiation through cell-cell interactions.?* In
our study, we observed different changes in the pattern of
expression of the Hes1 and Hes5 mRNAs under the condition of
neuropathic pain. Seven days after CCl surgery, the expression of
the Hes1 mRNA was significantly increased, whereas the
expression of the Hes5 mMRNA remained stable. Furthermore,
the regulation of Hes1 expression exerted a significant effect on
neuropathic pain behaviors, whereas Hes5 silencing did not.
Thus, the Notch/Hes1 pathway may play a major role in the
development of neuropathic pain.

In conclusion, the activation of the Notch/Hes1 signaling pathway
was shown to potentially contribute to the potentiation of excitatory
synaptic transmission in this study, which may lead to persistent pain
after peripheral nerve injury.
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