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Abstract: The hyperexcitability of the anterior cingulate cortex (ACC) has been implicated in the
development of chronic pain. As one of the key causes of ACC hyperexcitation, disinhibition
of the ACC may be closely related to the dysfunction of inhibitory parvalbumin (PV)-expressing
interneurons (PV-INs). However, the molecular mechanism underlying the ACC PV-INs injury
remains unclear. The present study demonstrates that spared sciatic nerve injury (SNI) induces an
imbalance in the excitation and inhibition (E/I) of the ACC. To test whether tumor necrosis factor-α
(TNF-α) upregulation in the ACC after SNI activates necroptosis and participates in PV-INs damage,
we performed a differential analysis of transcriptome sequencing using data from neuropathic
pain models and found that the expression of genes key to the TNF-α-necroptosis pathway were
upregulated. TNF-α immunoreactivity (IR) signals in the ACCs of SNI rats were co-located with
p-RIP3- and PV-IR, or p-MLKL- and PV-IR signals. We then systematically detected the expression
and cell localization of necroptosis-related proteins, including kinase RIP1, RIP3, MLKL, and their
phosphorylated states, in the ACC of SNI rats. Except for RIP1 and MLKL, the levels of these proteins
were significantly elevated in the contralateral ACC and mainly expressed in PV-INs. Blocking the
ACC TNF-α-necroptosis pathway by microinjecting TNF-α neutralizing antibody or using an siRNA
knockdown to block expression of MLKL in the ACC alleviated SNI-induced pain hypersensitivity
and inhibited the upregulation of TNF-α and p-MLKL. Targeting TNF-α-triggered necroptosis within
ACC PV-INs may help to correct PV-INs injury and E/I imbalance in the ACC in neuropathic pain.

Keywords: neuropathic pain; anterior cingulate cortex; tumor necrosis factor-α; necroptosis;
parvalbumin interneuron

1. Introduction

The anterior cingulate cortex (ACC) is a brain region key to mediating pain perception
and emotional responses to it, including pain aversion and empathy, through the descend-
ing facilitation of spinal nociceptive transmission and communication with brain regions
associated with emotional and motivational processing [1–7]. The ACC contains multi-
layer pyramidal cells innervated by the excitatory fibers of pyramidal neurons within other
layers of the ACC or other brain regions receiving sensory input [8,9]. Furthermore, a large
number of interneurons span across ACC pyramidal neurons, most of which are inhibitory
neurons that contain gamma-aminobutyric acid (GABA) or neuropeptides. Within these
local circuits, inhibitory neurons receive glutamate excitatory activation from pyramidal
neurons and regulate pyramidal cell activity through GABA inhibitory synapses to main-
tain the balance between excitation and inhibition (E/I) [8]. The disruption of this dynamic
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E/I balance due to impaired inhibitory GABAergic neurotransmission may induce chronic
pain [10].

Extensive evidence implicates ACC hyperexcitation in the development of chronic
pain and pain-related negative emotions [1,5–7,11,12]. As one of the key causes of ACC
hyperexcitation, disinhibition of the ACC may be related to the dysfunction of inhibitory
parvalbumin (PV)-expressing interneurons (PV-INs). Although the numbers of PV-INs and
somatostatin-positive inhibitory interneurons were observed at significantly low levels in a
chronic inflammatory pain model of ACC [13], activation of PV-INs but not somatostatin-
positive interneurons using optogenetic or chemogenetic techniques to compensate for
the diminished inhibitory activity reduces peripheral mechanical hypersensitivity and
alleviates pain-anxiety-like behaviors [13,14], indicating the important role that PV-INs
play in pain modulation. Furthermore, peripheral nerve injury induced by spared sciatic
nerve injury (SNI) also reduces the number of ACC PV-INs by inducing activated microglia
to phagocytose PV-INs [15]. At present, however, the molecular mechanism underlying the
structural and functional impairment of ACC PV-INs under the condition of chronic pain
remains unclear.

A key factor in the initiation and maintenance of neuropathic pain, tumor necrosis
factor α (TNF-α), is over-expressed in peripheral afferents, the spinal cord, and brain
regions associated with pain processing, as well as in the ACC following peripheral nerve
injury [6,16–19]. Neutralizing up-regulated TNF-α by microinjecting anti-TNF-α antibody
into the ACC blocks the hyperexcitation of neurons within it and alleviates SNI-induced
pain aversion and mechanical allodynia [6]. Identified in 2018 [20], necroptosis is a mode
of TNF-α-mediated programmed cell death that combines the amenability of apoptosis to
regulation with the morphological characteristics of cell necrosis [21–24]. Recent studies
have shown that chronic constriction injury (CCI) to the sciatic nerve, a classic model of pain,
increases the expressions of inflammation factor TNF-α and its downstream necroptosis-
related proteins (serine-threonine kinases receptor-interacting protein 1 [RIP1] and 3 [RIP3])
in the DRG, spinal cord, and hippocampus. Further, elevated levels of programmed cell
death protein 1 after CCI indicate cell death in peripheral and central nervous tissues [25].
However, the literature features no report of whether the ACC is damaged by necroptosis
under conditions of chronic pain, what its related cell phenotypes are, or what role it plays
in pain modulation.

The present study examines the activation of the necroptotic pathway downstream of
TNF-α in the ACC after SNI and its association with PV-IN damage. Our results show that
SNI enhances the expression of PV-IN necroptosis-related proteins, including phosphory-
lated RIP1 (p-RIP1), RIP3, p-RIP3, and phosphorylated mixed lineage kinase domain-like
protein (p-MLKL) in the ACC. We further found that neutralizing the up-regulated TNF-α
by microinjecting anti-TNF-α antibody in the ACC or using small interfering RNA (siRNA)
to knockdown MLKL expression in the ACC inhibits SNI-induced mechanical allodynia
via blocking the TNF-α-necropotosis pathway. Finally, the present investigation reveals the
molecular mechanism underlying the E/I imbalance mediated by impaired PV-INs within
the ACC after SNI. These findings may help to elucidate the pathogenetic mechanism of
chronic pain and inform novel clinical treatments.

2. Results
2.1. SNI Induces Excitation/Inhibition (E/I) Imbalance in ACC

Our previous study showed that the number of PV-INs and inhibitory synaptic termi-
nals is significantly reduced in the bilateral ACC of rats with SNI-induced chronic pain [15].
To determine whether SNI affects the E/I balance in the ACC, we assessed the expression
of the pyramidal neuron marker CaMKII, changes in the dendritic spine density of glu-
taminergic CaMKII immunoreactivity (IR) neurons, and changes in inhibitory synaptic
terminals acting on pyramidal neurons after subjecting the rats to SNI. We found that the
level of CaMKII on the contralateral side of the ACC, but not the ipsilateral side, signif-
icantly increased on PO day 7 (p < 0.001, Figure 1A). Using the Supernova method, we
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further observed a significant increase in the number of dendritic spines of CaMKII-positive
neurons in the ACC of mice subjected to SNI (p < 0.01, Figure 1B). This finding suggests
that SNI enhances the activity of ACC pyramidal neurons. Furthermore, as indicated by a
decrease in vGAT-IR puncta on the surfaces of CaMKII-positive neurons, SNI decreases the
innervation of bilateral ACC pyramidal neurons by inhibiting synaptic terminals (p < 0.05
ipsilaterally, p < 0.001 contralaterally, Figure 1C). These results suggest that SNI induces an
E/I imbalance in the bilateral ACC neural network, i.e., SNI weakens inhibitory synaptic
connections and strengthens excitatory neuronal output.
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neurons in the ACC of mice subjected to SNI. Upper left: schematic for the Supernova vector set for 

Figure 1. SNI induces an excitation/inhibition (E/I) imbalance in the ACC neural network structure.
(A) SNI-induced upregulation of CaMKII (a pyramidal neuron marker) in the contralateral ACC. The
left part of the image shows that the ACC samples used to perform the Western blot include the Cg1
and Cg2 regions located between 2.2 and 0.5 mm on the anterior coronal plane of the bregma. A
representative Western blot of CaMKII expression in the bilateral ACC and the quantitative results of
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the Western blot is shown on the right. *** p < 0.001 versus the sham group (two-way ANOVA).
(B) Supernova revealed a significant increase in the number of dendritic spines of CaMKII-positive
neurons in the ACC of mice subjected to SNI. Upper left: schematic for the Supernova vector set for
sparsely labeled ACC neurons. Representative data and quantitative analysis are shown on the lower
left and right, respectively. Scale bar = 12.5 µm. ** p < 0.01 versus the sham (unpaired t test). (C) SNI
reduces inhibitory synaptic terminals on the surface of bilateral ACC pyramidal neurons. Upper,
representative double immunofluorescence staining image showing CaMKII-positive (red) somatic
vGAT puncta-IR (inhibitory synaptic terminal marker, green) in the sham and SNI groups in the
bilateral ACC. An enlarged image of the area enclosed by the white box is shown on the right. The
white arrow indicates the colocalization (yellow) of vGAT puncta with CaMKII. Blue fluorescence
corresponds to DAPI, a nuclear counterstain. Below is the quantitative analysis of the number of
vGAT-IR puncta on CaMKII-positive neurons in the bilateral ACC of the sham and SNI groups.
* p < 0.05, *** p < 0.001 versus the sham (unpaired t test).

2.2. The Activation of the TNF-α-Necroptosis Pathway in ACC PV-INs Following SNI Surgery

To determine whether the TNF-α-necroptosis pathway is activated in the ACC fol-
lowing peripheral nerve injury, a differential analysis of transcriptome sequencing was
performed using data from neuropathic pain models (GEO datasets GSE212311 and
GSE228065). The expression of genes key to the TNF-α-necroptosis pathway, includ-
ing TNF-α, RIP3, and MLKL, was enhanced to a greater degree in the ACC of the CCI model
than in the control group (p < 0.05, Figure 2A–C). The expression of TNF-α, RIP1, and
MLKL was enhanced in the SNI model (Figure 2D,E). The present immunohistochemical
triple staining study revealed that TNF-α-IR signals in the ACC of rats subjected to SNI
were co-located with p-RIP3- and PV-IR signals, or p-MLKL- and PV-IR signals (Figure 2F),
suggesting that SNI may activate the TNF-α-necroptosis pathway in PV-INs, induce PV-IN
injury, and cause functional decline.

To explore whether the E/I imbalance in the ACC following SNI is related to the
necroptosis of PV-INs, we examined the expression and cell localization of necroptosis-
related proteins in the ACC of SNI rats. Relative to the sham group, the protein levels of
p-RIP1 (p < 0.01, Figure 3A), RIP3, p-RIP3 (p < 0.001, Figure 4A), and p-MLKL (p < 0.01,
Figure 5A) in the contralateral ACC were significantly elevated on PO day 7. The protein
expressions of RIP1 and MLKL did not increase in both sides of the ACC, and there was no
statistically significant difference between the sham group and the SNI group. Immunoflu-
orescence double-staining cell localization analysis showed that p-RIP1 (Figure 3B and
Table 1), RIP3 (Supplementary Figure S2 and Table 1), p-RIP3 (Figure 4B and Table 1),
MLKL (Supplementary Figure S3 and Table 1), and p-MLKL (Figure 5B and Table 1) were
mainly expressed in NeuN-IR and PV-IR neurons; principally observed in astrocytes, this
observation did not apply to RIP1 expression (Supplementary Figure S1 and Table 1).

Table 1. Percentage of ACC necroptosis-associated proteins co-located with cell markers in rats
following SNI.

Cell Markers
Proteins NeuN PV GFAP Iba1

RIP1 20.30 ± 1.64% 17.69 ± 2.87% 76.17 ± 1.89% 13.69 ± 1.71%
P-RIP1 79.48 ± 3.48% 70.54 ± 3.15% 12.71 ± 3.65% 15.25 ± 2.35%
RIP3 84.32 ± 3.63% 82.42 ± 2.22% 14.64 ± 1.85% 7.17 ± 0.74%

P-RIP3 83.60 ± 1.24% 73.92 ± 5.58% 29.26 ± 2.40% 8.17 ± 0.91%
MLKL 85.36 ± 2.84% 79.62 ± 0.87% 11.8 ± 1.6% 6.71 ± 0.27%

P-MLKL 93.58 ± 0.36% 84.83 ± 5.51% 5.61 ± 0.41% 4.71 ± 0.48%
NeuN: neuronal marker; PV: PV-INs marker; GFAP: astrocyte marker; Iba1: microglia marker.
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Figure 2. TNF-α-necroptosis pathway is activated in the ACC of neuropathic pain models. Volcano
map (A) and heat map (B) showing the expression of TNF-α, RIP1, RIP3, and MLKL in the ACC of
CCI model of neuropathic pain (n = 3/group) and controls (n = 3/group) (data from GEO dataset
GSE212311). The Hub gene expression data of CCI model (red dots) and control (green dots) for
TNF-α, RIP1, RIP3, and MLKL are shown in (C). * p < 0.05 versus the control (unpaired t test).
Volcano map (D) and heat map (E) showing the expression of TNF-α, IL-6, RIP1, and MLKL in the
ACC of SNI model (n = 3/group) and controls (n = 3/group) (data from GEO dataset GSE228065).
(F) Representative triple staining shows the overlap of TNF-α (green) with p-RIP3 (red) and PV
(magenta), or p-MLKL (red) and PV (magenta) on PO day 7. Enlarged and color-split images of
the area enclosed in white boxes are shown below. White arrows indicate co-localization. Blue
fluorescence corresponds to DAPI.
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Figure 3. SNI increases the expression of necroptosis-related protein p-RIP1 in the contralateral ACC
(A) Representative Western blot of RIP1 and p-RIP1 expression in the bilateral ACC is shown in
the top panel. The quantitative results of Western blotting protein are shown below. SNI induces
the expression of p-RIP1in the contralateral ACC at postoperative (PO) day 7. ** p < 0.01 versus
the sham group (two-way ANOVA). (B) Representative double staining shows the overlap (yellow)
of p-RIP1 (red) with NeuN (neuronal marker, green) and PV (PV-IN marker, green), but not with
GFAP (astrocyte marker, green) or Iba1 (microglia marker, green), on PO day 7. Enlarged and color-
split images of the area enclosed in white boxes are shown in the middle. White arrows indicate
co-localization (yellow). Blue fluorescence corresponds to DAPI. The fluorescence intensity curves
for red and green from boxed areas are shown on the right side of each group.
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results of Western blot are shown below. SNI upregulates RIP3 and p-RIP3 in the contralateral ACC 
on PO day 7. *** p < 0.001 versus the sham group (two-way ANOVA). (B) Representative double 
staining showing the overlap (yellow) of p-RIP3 (red) with NeuN (green) and PV (green), but not 
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Figure 4. SNI upregulates RIP3/p-RIP3 proteins in the contralateral ACC (A) Representative Western
blot of RIP3 and p-RIP3 expression in the bilateral ACC is shown in the top panel. Quantitative results
of Western blot are shown below. SNI upregulates RIP3 and p-RIP3 in the contralateral ACC on PO
day 7. *** p < 0.001 versus the sham group (two-way ANOVA). (B) Representative double staining
showing the overlap (yellow) of p-RIP3 (red) with NeuN (green) and PV (green), but not with GFAP
(green) or Iba1 (green), on PO day 7. Enlarged and color-split images of areas enclosed in white
boxes are shown in the middle. White arrows indicate co-localization (yellow). Blue fluorescence
corresponds to DAPI. The fluorescence intensity curves for red and green from boxed areas are shown
on the right side of each group.
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Figure 5. SNI increases the expression of necrotizing membrane-destroying proteins p-MLKL in
the contralateral ACC (A) Representative Western blot of MLKL and p-MLKL expression in the
bilateral ACC is shown in the top panel. Quantitative results of Western blot are shown below. SNI
upregulates p-MLKL in the contralateral ACC on PO day 7. ** p < 0.01 versus the sham group
(two-way ANOVA). (B) Representative double staining showing the overlap (yellow) of p-MLKL
(red) with NeuN (green) and PV (green), but not with GFAP (green) or Iba1 (green), on PO day 7.
Enlarged and color-split images of areas enclosed in white boxes are shown in the middle. White
arrows indicate co-localization (yellow). Blue fluorescence corresponds to DAPI. The fluorescence
intensity curves for red and green from boxed areas are shown on the right side of each group.



Int. J. Mol. Sci. 2023, 24, 15454 9 of 19

2.3. Inhibition of the ACC TNF-α-Necroptosis Pathway Reduces Neuroinflammation in the ACC
and Alleviates SNI-Induced Mechanical Allodynia

Similar to what we observed in our previous study [6], microinjecting TNF-α neu-
tralization antibody into the contralateral ACC 1 day before SNI and again on each of
the 7 days following SNI (Figure 6A) could significantly mitigate SNI-induced ipsilateral
mechanical allodynia (Figure 6B). In the vehicle IgG control + SNI group, the SNI-induced
mechanical withdrawal threshold of the injured hind paw decreased significantly from PO
day 3 to the end of the observation period on PO day 7 (p < 0.001). Compared with the
vehicle control, the ipsilateral paw withdrawal threshold (PWT) in the anti-TNF-α+SNI
group was significantly elevated (p < 0.001). There was no significant difference between
the anti-TNF-α+SNI and sham groups or across the surgical intervention on PO days 3
and 5 (Figure 6B). The Western blot showed that the SNI-induced overexpression of TNF-α
and p-MLKL in the ACC was inhibited by microinjecting TNF-α neutralizing antibodies
into the ACC (Figure 6C), implicating the blockage of the necroptosis pathway and the
inhibition of ACC TNF-α in the central negative regulation of chronic pain.

Figure 6. The effect of neutralizing SNI-induced elevation of TNF-α in the ACC on pain behavior and
necroptosis activation (A) The injection site of anti-TNF-α antibodies (20 µg/mL, 10 µL) or control
IgG (20 µg/mL, 10 µL) in the contralateral ACC is shown on the left, and behavioral test paradigms
are shown on the right. (B) Changes in the bilateral paw withdrawal thresholds (PWTs) in the sham,
IgG+SNI, and anti-TNF-α+SNI groups. SNI-induced ipsilateral mechanical allodynia in the vehicle
control group could be significantly mitigated by microinjecting a TNF-α neutralization antibody on
postoperative (PO) days 3, 5, and 7. ** p-value < 0.01, *** p-value < 0.001 versus PO day − 1 (Dunn’s
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multiple comparisons test) or ### p-value < 0.001 comparison among groups (multiple t test). (C) Rep-
resentative Western blot showing the effect of the TNF-α neutralization antibody on the expression of
TNF-α and p-MLKL in the contralateral ACC (left). Protein quantification results are shown right.
* p-value < 0.05, ** p-value < 0.01, *** p-value < 0.001 (two-way ANOVA).

To further determine the role of the ACC necroptosis pathway in neuropathic pain,
we used a siRNA knockdown to block the expression of MLKL in the contralateral ACC.
We found that MLKL siRNA could partially alleviate the decrease in PWT induced by SNI.
In contrast to the significant decrease in PWT on PO day 3 in the control siRNA group,
the drop in PWT started on PO day 7 in the MLKL siRNA group (Figure 7B). Western blot
confirmed that MLKL siRNA effectively reduced the levels of p-MLKL and TNF-α in the
contralateral ACC (Figure 7C). These results suggest that interfering with the activation of
the necroptotic pathway in the ACC can inhibit neuroinflammation and delay the induction
of chronic pain after a nerve injury.
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showing the effect of the MLKL siRNA on the expression of MLKL, p-MLKL, and TNF-α in the 

Figure 7. The effect of MLKL knockdown in the contralateral ACC on pain behavior and TNF-α
expression. (A) The injection site of MLKL siRNA or control siRNA in the contralateral ACC is shown
on the left, and the behavioral test paradigms are shown on the right. (B) Changes in the bilateral
paw withdrawal thresholds (PWTs) in the sham, control siRNA+SNI, and MLKL siRNA+SNI groups.
SNI-induced ipsilateral mechanical allodynia in the control siRNA group could be partially blocked
by MLKL siRNA on postoperative (PO) days 3 and 5. ** p-value < 0.01, *** p-value < 0.001 versus PO
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day 1 (Dunn’s multiple comparisons test) or # p-value < 0.05, ## p-value < 0.01, ### p-value < 0.001
comparison among groups (multiple t test). (C) Representative Western blot showing the effect of
the MLKL siRNA on the expression of MLKL, p-MLKL, and TNF-α in the contralateral ACC (left).
Protein quantification results are shown right. * p-value < 0.05, *** p-value < 0.001 (two-way ANOVA).

3. Discussion

This study demonstrated that SNI induces an E/I imbalance in the ACC. Analyzing
the genetic expression of proteins key to the TNF-α-necroptosis pathway in CCI and SNI
neuropathic pain models, we detected the expression and cell localization of necroptosis-
related proteins, including RIP1/p-RIP1, RIP3/p-RIP3, and MLKL/p-MLKL, in the ACC of
SNI rats. Specifically, we found that the levels of these proteins (with the exception of RIP1
and MLKL) were significantly elevated in the contralateral ACC and mainly expressed
in PV-INs. Neutralizing the up-regulated TNF-α by microinjecting anti-TNF-α antibody
into the ACC or using siRNA to knockdown MLKL expression in the ACC effectively
alleviated pain hypersensitivity and blocked the SNI-induced upregulation of TNF-α and
necroptosis-related proteins. Necroptosis triggered by TNF-α in the PV-INs of the ACC
may be a key contributor to the E/I imbalance in the ACC and neuroimmune responses
following peripheral nerve injury.

3.1. ACC Hyper-Excitability Induces Pain Hypersensitivity and Pain-Related Emotional Disorders

Numerous neuroimaging studies have confirmed that peripheral nerve injury can
lead to reorganization of the central nervous system, including the cerebral cortex, relay
nucleus, thalamus, brainstem, and spinal cord, while corresponding brain area function
decreases [26–28]. A neuroimaging meta-analysis showed that the ACC was one of the
most consistently activated neural regions in patients with chronic pain [29]. Reflecting
these clinical data, animal models of neuropathic pain induced by CCI and SNI exhibited
increased excitability of pyramidal neurons in lamina 5 of the ACC [10,30]. In addition to
changes in intrinsic excitability, the synaptic input from dominating neural networks can
alter the activity of neurons. Peripheral nerve injury can induce the long-term potentiation
(LTP) of ACC excitatory synaptic transmission [8,31,32]. The confluence of two major
forms of LTP in ACC excitatory synapses, namely NMDA receptor-dependent postsynaptic
LTP and NMDA receptor-independent presynaptic LTP, may contribute to the synaptic
mechanism underlying the involvement of the ACC in chronic pain and pain-related
emotional disorders [33,34].

The hyper-excitability of the ACC can trigger changes in spinal networks [35], thus
facilitating spinal nociceptive transmission through the periaqueductal gray (PAG) and ros-
tral ventral medulla (RVM) or through the ACC’s direct corticospinal projections [3,4,36–38].
Abnormal neuroimmune activity in the ACC caused by peripheral nerve injury may also
exacerbate spinal cord neuroinflammation and, consequently, nociceptive sensitization by
promoting corticospinal projections [5]. Furthermore, the ACC sends extensive projections
to other limbic regions that regulate emotional and motivational states, such as the thala-
mus, insula, amygdala, and nucleus accumbens (NAc) [2,39]. The ACC is also, therefore, an
important center for processing and evaluating the emotional components of pain [40–42].

3.2. Dysfunction of ACC Inhibitory Interneurons in Chronic Pain Promotes E/I Imbalance in
the ACC

As the activity of neurons is influenced by the neural network in which they are
situated, the increased excitability of ACC pyramidal neurons in chronic pain is related
to the dysfunction of afferent inhibitory synapses. Both the connection of inhibitory
synapses to excitatory pyramidal neurons and the innervation of inhibitory interneurons
by excitatory neurons are significantly diminished in the CCI-induced animal model of
pain; their reduced activity eventually results in the disinhibition of the ACC [10]. In a
model of chronic inflammatory pain, the complete Freund’s adjuvant reduced vesicular
GABA transporter expression at presynaptic terminals in the ACC without changing
protein levels of GABAA receptor subunits and diminished the frequency of miniature and
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spontaneous inhibitory postsynaptic currents [43]. By contrast, decreasing the activity of
the ACC network by inhibiting ACC pyramidal neurons and stimulating the Gs-coupled
dopamine-D1 receptor to open the hyperpolarization-activated cyclic nucleotide-gated
(HCN) channels significantly lessens input resistance and excitability, thus attenuating
nociceptive responses and negative emotional behaviors in animal models of neuropathic
pain [1]. Alternatively, the same effect can be achieved by stimulating ACC interneurons
with oxytocin, thus enhancing inhibitory transmission [41]. Consistent with the results
of animal studies, magnetic resonance spectroscopy analysis of patients with migraine
revealed a positive correlation between increased ACC GABA levels and improved clinical
outcomes [44].

In a previous study, we showed that SNI significantly reduces the number of inhibitory
PV-INs and vGAT-positive inhibitory synaptic terminals in the ACC but not the number
of excitatory neurons and induces the microglial phagocytosis of inhibitory synapses [15].
This study expands upon these findings by confirming that SNI increases the expression
of excitatory CaMKII protein and dendritic spine density of CaMKII-positive neurons
in the ACC and decreases the density of inhibitory synaptic terminals wrapped around
CaMKII-positive neurons (Figure 1). These observations suggest that SNI promotes the
restructuring of the ACC nerves and weakens the inhibitory innervation of excitatory
pyramidal neurons. Disinhibition of the ACC may account for ACC hyper-excitability and
promote spinal cord nociceptive signaling.

3.3. The Role of the TNF-α-Necroptosis Pathway in ACC Disinhibition Following Peripheral
Nerve Injury

Peripheral nerve injury can lead to inflammation and cell apoptosis of the nervous
system in patients, including the prefrontal cortex, hippocampus, amygdala, thalamus, and
periaqueductal gray matter [45–48]. The classic SNI sciatica model validates these findings,
further confirming the destruction of CNS structures in neuropathic pain due to peripheral
nerve injury [49]. As an important promoter of neuronal inflammation and modulator of
neuronal excitability, TNF-α regulates voltage-gated sodium channels to sensitize primary
nociceptive afferents [17,50]. It also mediates spinal and supraspinal E/I imbalances by
enhancing excitatory and reducing inhibitory synaptic transmissions [51–55]. Our previous
studies have shown that the overexpression of TNF-α in the ACC may promote the hyper-
excitability of the ACC through the elevated voltage-gated sodium channel Nav1.6, which
plays an important role in the regulation of pain transduction and aversion [5,6]. However,
whether it can regulate the inhibitory function of the ACC neural network remains unclear.

Necroptosis induced by the binding of TNF-α to its receptor TNFR1 can cause the
release of intracellular contents and thus trigger inflammation [22,56–59]. As two essential
components in necrosome assembly, RIP1 and RIP3 kinases play a central role in TNF-α-
induced programmed necrosis [23]. During the onset of necroptosis, the autophosphoryla-
tion of RIP1 is required for the homologous oligomerization of RIP3 [60]. Subsequently,
p-RIP3 phosphorylates MLKL to form oligomers bound to phosphatidylinositol lipids and
cardiolipids; p-MLKL then moves to the plasma membrane, destroys its integrity, and
initiates necroptosis [61,62]. RIP3 reportedly promotes the secretion of pro-inflammatory
cytokines TNF-α and interleukin-1β by activating inflammasome 3 and caspase-1 [63],
thus recruiting, activating, and transforming microglia [57]. Blocking the MAPK/NF-κB
pathway of activated microglia can inhibit the production of inflammatory factors such
as TNF-α and thus prevent microglia-mediated neuronal necroptosis [64]. Therefore, a
positive pro-inflammatory feedback loop could exist between TNF-α and necroptosis that
can trigger neuroinflammation and promote neuropathic pain [57,59,65–67]. Several lines
of evidence suggest that necroptosis-related proteins in peripheral sensory afferent neurons
and the spinal cord contribute to chronic pain [68–73]. However, the activation and role
of the TNF-α-necroptosis pathway in the cortex in pain-related disorders have received
limited attention [5].
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To confirm whether necroptosis signals in the ACC region are involved in chronic
pain, we performed a Gene Set Enrichment Analysis (GSEA) using data obtained from
two animal models of chronic pain (GSE212311 and GSE228065). We found that the ex-
pression of proteins associated with the TNF-α/necrosome/MLKL axis was significantly
higher in the ACC of animals with chronic pain than in healthy controls (Figure 2A–E),
implicating the cortical TNF-α-necroptosis pathway in the progression of chronic pain.
We further observed elevated concentrations of proteins related to the TNF-α-necroptosis
pathway, including p-RIP1, RIP3, p-RIP3, and p-MLKL, in the contralateral ACCs of rats
with SNI-induced chronic pain (Figures 3A, 4A and 5A). Double immunofluorescence stain-
ing identified SNI-induced necroptosis-related proteins in the ACC co-localizing mainly
with PV-IR signals (Figures 3B, 4B and 5B, Supplementary Figures S1–S3, Table 1). The
overexpression of TNF-α in the ACC following SNI may constitute a predisposing factor
for the activation of the necroptotic pathway in PV-INs [6]. Immunohistochemical triple
staining showed that TNF-α-IR colocalized with the p-RIP3- or p-MLKL-IR signals on
PV-IR cells (Figure 2F). Neutralizing SNI-induced elevated levels of TNF-α by microin-
jecting anti-TNF-α antibodies into the contralateral ACC not only alleviated SNI-induced
mechanical allodynia but also blocked the necroptosis of ACC PV-Ins (Figure 6). Further
studies showed that the siRNA knockdown of the expression of MLKL in the ACC sig-
nificantly alleviated mechanical allodynia in rats (Figure 7). This finding suggests that
negative regulation of the TNF-α-necroptotic pathway in the ACC and the correction of its
E/I imbalance may inform a new strategy for the clinical treatment of chronic pain.

4. Materials and Methods
4.1. Animals

The adult male Sprague-Dawley rats (150–200 g) and C57BL/6 mice (20–30 g) used in
the present study were housed in individual cages. Ambient humidity (50–60%), a tem-
perature of 24 ◦C, and a 12-h light/dark cycle (6 a.m.–6 p.m.) were rigorously maintained.
Food and water were offered free of charge. The animals were evenly divided into three
groups, namely the medication group, solvent group, and sham surgery group, with a total
of 6–10 animals in each group, while maintaining the same conditions.

4.2. Spared Nerve Injury (SNI)

The SNI operation was performed as previously described [5,6]. By intraperitoneal
injection (i.p.), anesthesia was administered at a concentration of 0.4% pentobarbital sodium
and a dose of 40mg/kg (Sigma Aldrich, Taufkirchen, Germany), followed by skin lami-
nation on the outside surface of the left hind thigh to reveal a fungal lesion and its three
terminal branches: the tibial nerve, sural nerve, and common peroneum nerve. Finally,
we tied the peroneus nerve and the tibia nerve and cut 2 mm from their ends to prevent
damage to the sural nerve. For comparison, the same exposure procedure was performed
for intact nerves in the sham surgery group.

4.3. Fifty Percent Paw Withdrawal Threshold Test

The mechanical allodynia of rat hindlimbs was measured with the Von Frey hair up-
down method [5,6]. Briefly, animals were placed in an isolated Plexiglas compartment on a
grid board. After habituating the tested animals for 15 min, we performed an allodynia test.
Von Frey’s special cilia used for testing (0.41, 0.70, 1.20, 2.04, 3.63, 5.50, 8.51, and 15.14 g;
where stiffness was increased logarithmically) were placed bilaterally on both sides of the
rear paws, starting at 2.04 g. We recorded the fifty percent paw withdrawal threshold, and
the response to mechanical stimulation at different post-operative (PO) times was assessed.

4.4. Immunohistochemistry and Immunofluorescence

After anesthesia, using 0.9% saline containing 0.1M PB to perfuse the ascending aorta
with, sampled were placed in a 4% PFA solution. Then, samples were sunk into 30% sucrose
for 5 days, considering dehydration as the brain tissue was removed. Then the brain tissue
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containing the ACC (bregma +2.2 to +0.5 mm) was sectioned coronally (thickness, 25–35 m)
by a cryosectioning device (Leica CM3050S, Wetzlar, Germany). After that, the sections
were washed three times for 5 min.

To perform immunohistochemistry, the sections were treated with 5% donkey serum
for 1 h at room temperature before incubation with primary antibodies. The tissue sections
were then incubated with primary antibodies overnight at 4 ◦C and washed three times
with PBS, followed by incubation with secondary antibodies for 1 h at room temperature.

For the ordinary staining, sections were incubated with single primary antibodies.
Incubation with anti-p-RIP1 antibody (1:100, Affinity, Cincinnati, OH, USA), anti-P-RIP3
antibody (1:100, Affinity, Cincinnati, OH, USA), anti-P-MLKL antibody (1:100, Affinity,
Cincinnati, OH, USA), anti-RIP1 antibody (1:200, Proteintech, Rosemont, IL, USA), anti-
RIP3 antibody (1:100, LifeSpanBioSciences, Seattle, WA, USA), and anti-MLKL antibody
(1:100, LifeSpanBioSciences, Seattle, WA, USA) was performed overnight at 4 ◦C.

To conduct the double or triple staining, sections were incubated with mixed primary
antibodies from different species, i.e., incubation was performed with anti-p-RIP1 antibody
plus either anti-NeuN (neuronal marker, 1:200; CST, Danvers, MA, USA), anti-parvalbumin
antibody (1:500, NOVUS, Littleton, CO, USA), anti-GFAP (astrocyte marker, 1:400; CST), or
anti-Iba1 (microglia marker, 1:500; Abcam, Cambridge, UK). Incubation with anti-TNF-α
antibody (1:100, Novus, Littleton, CO, USA), anti-parvalbumin antibody, and anti-P-RIP3
antibody or anti-P-MLKL antibody was also performed. The sections were then incubated
with donkey anti-Goat IgG H and L conjugated with alexa fluor® 647 (1:400, Abcam,
Cambridge, UK), donkey anti-mouse IgG (H + L) conjugated with alexa fluor® 488 (1:400,
Abcam, Cambridge, UK), and donkey anti-rabbit IgG (H + L) conjugated with alexa fluor®

555 (1:400, Abcam, Cambridge, UK) for 1 h at room temperature (24–26 ◦C) after three
washes with PBS (10 min each).

Finally, using a CCD point camera (Leica DFC350FX/DMIRB, Heidelberg, Germany)
and a fluorescence microscope connected to Leica-IM50 software, the images were captured.
Fiji ImageJ2 (National Institutes of Health, Bethesda, MD, USA) or NIS element was used
to measure signal intensity. To confirm the specificity of immunostaining with the primary
antibody, negative control sections were incubated without primary antibodies.

4.5. Western Blotting

Rats were anesthetized and decapitated, and their ACC tissues were quickly removed
(0.5–2.2 mm anterior to the bregma in the coronal position) using an anatomical microscope
(areas Cg1 and Cg2 in Figure 1A). The brain samples were ultrasonically lysed in RIPA lysis
buffer (Beyotime, Shanghai, China), and protease inhibitors (Roche, Mannheim, Germany)
were added. The tissue samples were centrifuged at 12,000× g for 20 min at 4 ◦C before
target proteins were quantified. Gel electrophoresis (SDS-PAGE) was used to separate
proteins, which were then electro-transferred to PVDF membranes (Millipore, Billerica,
MA, USA). To seal it at room temperature, 5% skimmed milk was used to for almost
1 h, then end up placing the membranes in p-RIP1 antibody (1:1000, Affinity, Cincinnati,
OH, USA), anti-p-RIP3 antibody (1:1000, CST, Danvers, MA, USA), anti-p-MLKL antibody
(1:1000, Affinity, Cincinnati, OH, USA), anti-RIP1 antibody (1:1000, Novus, Littleton, CO,
USA), anti-RIP3 antibody (1:1000, Novus, Littleton, CO, USA), anti-MLKL antibody (1:1000,
Millipore, Billerica, MA, USA), and anti-TNF-α antibody (1:1000, Abcam, Cambridge,
UK) overnight in the refrigerator at 4 ◦C. The samples were then incubated with donkey
anti-mouse or anti-rabbit secondary antibodies (1:10,000, Abcam, Cambridge, UK), which
were conjugated with HRP. GAPDH (1:3000, Novus, Littleton, CO, USA) was used as
a load control comparison strip. The detection of target protein bands using enhanced
chemiluminescence (Bio Rad, Hercules, CA, USA) and the Tanon-5200 chemiluminescence
imaging system (Tanon Science and Technology, Shanghai, China) was used for imaging.
ImageJ imaging analysis Software (NIH, Bethesda, MD, USA) was used to quantify the
protein level relative to the level of GAPDH.
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4.6. Bioinformatic Tools

All expression profiling data analyzed in this study were downloaded from GENE-
EXPRESSION OMNIBUS (GEO, http://www.ncbi.nlm.nih.gov/geo (accessed on 16 July
2023)). Data from GEO series GSE212311 and GSE228065 were analyzed using Gene Set
Enrichment Analysis (GSEA). Genes in the ACC that were differentially expressed between
the neuropathic pain models (CCI or SNI) and controls were subjected to GO analysis using
the R 4.2.1 and edgeR 3.38.1 packages (https://github.com/ (accessed on 16 July 2023)).
The threshold of |logFC| > 1&FDR < 0.05 was used to screen differential genes. Heat
and volcano maps were drawn using the R ggplot2 2.2.1 package (https://github.com/
(accessed on 16 July 2023)).

4.7. Intra-ACC Drug Application

As described previously [6], stereotactic surgery was conducted in accordance with
the rat brain atlas. A stainless steel catheter with a stainless steel cap was inserted into the
contralateral ACC and secured with acryl tooth cement. The stereotaxic coordinates for the
ACC injection site relative to the bregma were: anteroposterior (AP) +1.5 mm, mediolateral
(ML) 0.5 mm, and dorsoventral (DV) −2.5 mm. TNF-α neutralizing antibody (20 µg/mL,
10 µL, R&D Systems, Minneapolis, MN, USA) was slowly injected into the ACC over a
period of 5–10 min. The control group was administered a normal IgG control antibody
(200 µg/mL, 10 µL, R&D Systems). The TNF-α neutralizing antibody or normal IgG control
antibody was administered daily for 8 days, starting from the day before the SNI procedure
was performed.

4.8. Transfection of siRNA In Vivo

Two kinds of siRNAs were used: (1) disorganizing rat MLKL mRNA (Si-MLKL;
Ribobio, Guangzhou, China) to silence MLKL transcription, and (2) scramble siRNA (Si-
negative control; Ribobio, Guangzhou, China). These siRNAs can be directly dissolved and
used for injection. The cholesterol in its molecular structure was modified (the lipophilic-
ity group) to improve its affinity to the cell membrane. We then dissolved 500 pmol of
MLKL siRNA and 500 pmol of scramble siRNA in 5µL of RNase-free water. After mix-
ing for 5 min, the in vivo-siRNA mixture was injected into the contralateral ACC for 24 h
before the SNI procedure was performed. The MLKL siRNA sequences were: sense, 5′-
GGAACAACGGAGUAUAUAAdTdT-3′; antisense, 3′-dTdTCCUUGUUGCCUCAUAUAUU-5′.

4.9. Supernova

A stereotaxic injection procedure was performed as previously described [5]. For
injections into the ACC, mice were anesthetized with 50 mg/kg sodium pentobarbital, and
their heads were fixed with a stereotaxic frame. For sparsely labeled ACC neurons, the
adeno-associated virus (AAV)-based Supernova vector set consisting of AAV-PTRE-tight-
NLS-Cre-WPRE (AAV-PTRE-Cre, Obio Technology Shanghai Corp., Shanghai, China) and
pAAV-hSyn-DIO-tTA-P2A-mScarlet-WPRE (AAV-hSyn-DIO-tTA-mScarlet; Obio Technol-
ogy Shanghai Corp) were injected into the ACC area using a microdispensing pump at the
coordinates AP +1.5 mm, ML 0.5 mm, and DV −2.5 mm from the bregma. SNI surgery was
conducted at 2 weeks post-viral transfection. The brains were dissected 3 weeks later.

To quantify dendritic spine density, images were acquired with a Nikon C2 (Nikon
Eclipse Ni-E) by using a 60× (oil) objective (NA 1.4) with a 2× optical zoom. Z stacks were
acquired in a step-size set. Dendritic spine density was quantified using the NIS Element
viewer 5.21 by measuring a distance of at least 20 mm along a dendritic branch before
counting the number of dendritic spines.

4.10. Statistical Analysis

Statistical analysis of immunohistochemical results was performed as described previ-
ously [5,6]. GraphPad Prism 6.0 Software was used for multiple or non-duplicate t-tests
and one-way or two-way ANOVA to determine differences between groups. To test be-
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havioral data, a Dunn’s multiple comparison test or non-parametric two-way ANOVA
was performed, followed by a Friedman test. In all cases, results were presented as the
mean ± SEM. p-values of <0.05 were considered indicative of statistical significance.

5. Conclusions

Neuropathic pain is a persistent pain that is treated less effectively than nociceptive
pain, especially in the elderly [74]. Exploring the pathogenesis of neuropathic pain pro-
vides important guidance for solving clinical treatment problems. The data provided in
this study strongly suggest that upregulated TNF-α in the ACC after peripheral nerve
injury disinhibits the ACC by inducing PV-IN necroptosis and possibly facilitating spinal
nociceptive transmission through descending cortico-spinal pathways. With the aim of
elucidating the cortico-spinal mechanism of chronic pain, our future work will explore
the involvement of the ACC TNF-α-necroptotic pathway in neural network structures,
neuroinflammation, and nociceptive information transmission in the spinal dorsal horn.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms242015454/s1.

Author Contributions: Y.Z. (Ying Zang) and Y.D. designed the study. Y.D. and Q.L. wrote the pro-
tocol and collected, analyzed, and interpreted the results. Y.Z. (Ying Zang) prepared the first draft
of the manuscript. Y.D., Q.L., Y.Z. (Yaohui Zhou), S.C. and Y.L. performed the experiments. Y.Z.
(Yaohui Zhou) helped establish the animal model. Y.Z. (Ying Zang) and Y.D. performed literature
searches and analyzed the data. Y.Z. (Ying Zang) obtained funding for the project, initiated and super-
vised the project, designed the study, analyzed and interpreted results, and revised the manuscript.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (Grant
Nos. 82371236 and 81870873) and the Natural Science Foundation of Guangdong Province of China
(Grant No. 2022A1515012198).

Institutional Review Board Statement: All procedures for this study were in accordance with the
National Institutes of Health Animal Care and ethical guidelines for chronic pain laboratory animal
research and were approved (1 January 2022) by the Animal Protection Committee of Sun Yat-sen
University. The animals used in this work were obtained from the Institute of Experimental Animals,
Sun Yat-sen University, China (License number SCXK (yue) 2008-0002).

Informed Consent Statement: Not applicable.

Data Availability Statement: All the necessary data are included within the article. Further data will
be shared upon request.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Lançon, K.; Qu, C.; Navratilova, E.; Porreca, F.; Séguéla, P. Decreased dopaminergic inhibition of pyramidal neurons in anterior

cingulate cortex maintains chronic neuropathic pain. Cell Rep. 2021, 37, 109933. [CrossRef]
2. Smith, M.L.; Asada, N.; Malenka, R.C. Anterior cingulate inputs to nucleus accumbens control the social transfer of pain and

analgesia. Science 2021, 371, 153–159. [CrossRef]
3. Chen, T.; Taniguchi, W.; Chen, Q.Y.; Tozaki-Saitoh, H.; Song, Q.; Liu, R.H.; Koga, K.; Matsuda, T.; Kaito-Sugimura, Y.; Wang, J.;

et al. Top-down descending facilitation of spinal sensory excitatory transmission from the anterior cingulate cortex. Nat. Commun.
2018, 9, 1886. [CrossRef]

4. Chen, T.; Koga, K.; Descalzi, G.; Qiu, S.; Wang, J.; Zhang, L.S.; Zhang, Z.J.; He, X.B.; Qin, X.; Xu, F.Q.; et al. Postsynaptic
potentiation of corticospinal projecting neurons in the anterior cingulate cortex after nerve injury. Mol. Pain 2014, 10, 33.
[CrossRef] [PubMed]

5. Li, Q.Y.; Chen, S.X.; Liu, J.Y.; Yao, P.W.; Duan, Y.W.; Li, Y.Y.; Zang, Y. Neuroinflammation in the anterior cingulate cortex: The
potential supraspinal mechanism underlying the mirror-image pain following motor fiber injury. J. Neuroinflamm. 2022, 19, 162.
[CrossRef] [PubMed]

6. Yao, P.W.; Wang, S.K.; Chen, S.X.; Xin, W.J.; Liu, X.G.; Zang, Y. Upregulation of tumor necrosis factor-alpha in the anterior
cingulate cortex contributes to neuropathic pain and pain-associated aversion. Neurobiol. Dis. 2019, 130, 104456. [CrossRef]
[PubMed]

https://www.mdpi.com/article/10.3390/ijms242015454/s1
https://www.mdpi.com/article/10.3390/ijms242015454/s1
https://doi.org/10.1016/j.celrep.2021.109933
https://doi.org/10.1126/science.abe3040
https://doi.org/10.1038/s41467-018-04309-2
https://doi.org/10.1186/1744-8069-10-33
https://www.ncbi.nlm.nih.gov/pubmed/24890933
https://doi.org/10.1186/s12974-022-02525-8
https://www.ncbi.nlm.nih.gov/pubmed/35725625
https://doi.org/10.1016/j.nbd.2019.04.012
https://www.ncbi.nlm.nih.gov/pubmed/31028871


Int. J. Mol. Sci. 2023, 24, 15454 17 of 19

7. Meda, K.S.; Patel, T.; Braz, J.M.; Malik, R.; Turner, M.L.; Seifikar, H.; Basbaum, A.I.; Sohal, V.S. Microcircuit Mechanisms through
which Mediodorsal Thalamic Input to Anterior Cingulate Cortex Exacerbates Pain-Related Aversion. Neuron 2019, 102, 944–959.e3.
[CrossRef]

8. Zhuo, M. A synaptic model for pain: Long-term potentiation in the anterior cingulate cortex. Mol. Cells 2007, 23, 259–271.
9. Yamamura, H.; Iwata, K.; Tsuboi, Y.; Toda, K.; Kitajima, K.; Shimizu, N.; Nomura, H.; Hibiya, J.; Fujita, S.; Sumino, R.

Morphological and electrophysiological properties of ACCx nociceptive neurons in rats. Brain Res. 1996, 735, 83–92. [CrossRef]
10. Blom, S.M.; Pfister, J.P.; Santello, M.; Senn, W.; Nevian, T. Nerve injury-induced neuropathic pain causes disinhibition of the

anterior cingulate cortex. J. Neurosci. 2014, 34, 5754–5764. [CrossRef]
11. Gao, S.H.; Wen, H.Z.; Shen, L.L.; Zhao, Y.D.; Ruan, H.Z. Activation of mGluR1 contributes to neuronal hyperexcitability in the rat

anterior cingulate cortex via inhibition of HCN channels. Neuropharmacology 2016, 105, 361–377. [CrossRef] [PubMed]
12. Gao, S.H.; Shen, L.L.; Wen, H.Z.; Zhao, Y.D.; Chen, P.H.; Ruan, H.Z. The projections from the anterior cingulate cortex to the

nucleus accumbens and ventral tegmental area contribute to neuropathic pain-evoked aversion in rats. Neurobiol. Dis. 2020, 140,
104862. [CrossRef]

13. Shao, F.; Fang, J.; Qiu, M.; Wang, S.; Xi, D.; Shao, X.; He, X.; Du, J. Electroacupuncture Ameliorates Chronic Inflammatory
Pain-Related Anxiety by Activating PV Interneurons in the Anterior Cingulate Cortex. Front. Neurosci. 2021, 15, 691931. [CrossRef]

14. Kang, S.J.; Kwak, C.; Lee, J.; Sim, S.E.; Shim, J.; Choi, T.; Collingridge, G.L.; Zhuo, M.; Kaang, B.K. Bidirectional modulation of
hyperalgesia via the specific control of excitatory and inhibitory neuronal activity in the ACC. Mol. Brain 2015, 8, 81. [CrossRef]
[PubMed]

15. Li, Q.Y.; Duan, Y.W.; Zhou, Y.H.; Chen, S.X.; Li, Y.Y.; Zang, Y. NLRP3-Mediated Piezo1 Upregulation in ACC Inhibitory
Parvalbumin-Expressing Interneurons Is Involved in Pain Processing after Peripheral Nerve Injury. Int. J. Mol. Sci. 2022, 23,
13035. [CrossRef] [PubMed]

16. Chen, S.X.; Liao, G.J.; Yao, P.W.; Wang, S.K.; Li, Y.Y.; Zeng, W.A.; Liu, X.G.; Zang, Y. Calpain-2 Regulates TNF-alpha Expression
Associated with Neuropathic Pain Following Motor Nerve Injury. Neuroscience 2018, 376, 142–151. [CrossRef] [PubMed]

17. He, X.H.; Zang, Y.; Chen, X.; Pang, R.P.; Xu, J.T.; Zhou, X.; Wei, X.H.; Li, Y.Y.; Xin, W.J.; Qin, Z.H.; et al. TNF-alpha contributes to
up-regulation of Nav1.3 and Nav1.8 in DRG neurons following motor fiber injury. Pain 2010, 151, 266–279. [CrossRef]

18. Wei, X.H.; Zang, Y.; Wu, C.Y.; Xu, J.T.; Xin, W.J.; Liu, X.G. Peri-sciatic administration of recombinant rat TNF-alpha induces
mechanical allodynia via upregulation of TNF-alpha in dorsal root ganglia and in spinal dorsal horn: The role of NF-kappa B
pathway. Exp. Neurol. 2007, 205, 471–484. [CrossRef]

19. Wu, Y.; Na, X.; Zang, Y.; Cui, Y.; Xin, W.; Pang, R.; Zhou, L.; Wei, X.; Li, Y.; Liu, X. Upregulation of tumor necrosis factor-alpha in
nucleus accumbens attenuates morphine-induced rewarding in a neuropathic pain model. Biochem. Biophys. Res. Commun. 2014,
449, 502–507. [CrossRef]

20. Galluzzi, L.; Vitale, I.; Aaronson, S.A.; Abrams, J.M.; Adam, D.; Agostinis, P.; Alnemri, E.S.; Altucci, L.; Amelio, I.; Andrews, D.W.;
et al. Molecular mechanisms of cell death: Recommendations of the Nomenclature Committee on Cell Death 2018. Cell Death
Differ. 2018, 25, 486–541. [CrossRef]

21. Duan, Y.W.; Chen, S.X.; Li, Q.Y.; Zang, Y. Neuroimmune Mechanisms Underlying Neuropathic Pain: The Potential Role of
TNF-alpha-Necroptosis Pathway. Int. J. Mol. Sci. 2022, 23, 7191. [CrossRef]

22. Dhuriya, Y.K.; Sharma, D. Necroptosis: A regulated inflammatory mode of cell death. J. Neuroinflamm. 2018, 15, 199. [CrossRef]
[PubMed]

23. Li, J.; McQuade, T.; Siemer, A.B.; Napetschnig, J.; Moriwaki, K.; Hsiao, Y.S.; Damko, E.; Moquin, D.; Walz, T.; McDermott, A.;
et al. The RIP1/RIP3 necrosome forms a functional amyloid signaling complex required for programmed necrosis. Cell 2012, 150,
339–350. [CrossRef]

24. Degterev, A.; Huang, Z.; Boyce, M.; Li, Y.; Jagtap, P.; Mizushima, N.; Cuny, G.D.; Mitchison, T.J.; Moskowitz, M.A.; Yuan, J.
Chemical inhibitor of nonapoptotic cell death with therapeutic potential for ischemic brain injury. Nat. Chem. Biol. 2005, 1,
112–119. [CrossRef] [PubMed]

25. Pu, S.; Li, S.; Xu, Y.; Wu, J.; Lv, Y.; Du, D. Role of receptor-interacting protein 1/receptor-interacting protein 3 in inflammation and
necrosis following chronic constriction injury of the sciatic nerve. Neuroreport 2018, 29, 1373–1378. [CrossRef]

26. Bhat, D.I.; Devi, B.I.; Bharti, K.; Panda, R. Cortical plasticity after brachial plexus injury and repair: A resting-state functional MRI
study. Neurosurg. Focus 2017, 42, E14. [CrossRef]

27. Dutta, A.; Kambi, N.; Raghunathan, P.; Khushu, S.; Jain, N. Large-scale reorganization of the somatosensory cortex of adult
macaque monkeys revealed by fMRI. Brain Struct. Funct. 2014, 219, 1305–1320. [CrossRef]

28. Qiu, T.M.; Chen, L.; Mao, Y.; Wu, J.S.; Tang, W.J.; Hu, S.N.; Zhou, L.F.; Gu, Y.D. Sensorimotor cortical changes assessed with
resting-state fMRI following total brachial plexus root avulsion. J. Neurol. Neurosurg. Psychiatry 2014, 85, 99–105. [CrossRef]

29. Jensen, K.B.; Regenbogen, C.; Ohse, M.C.; Frasnelli, J.; Freiherr, J.; Lundstrom, J.N. Brain activations during pain: A neuroimaging
meta-analysis of patients with pain and healthy controls. Pain 2016, 157, 1279–1286. [CrossRef] [PubMed]

30. Yang, Z.; Tan, Q.; Cheng, D.; Zhang, L.; Zhang, J.; Gu, E.W.; Fang, W.; Lu, X.; Liu, X. The Changes of Intrinsic Excitability of
Pyramidal Neurons in Anterior Cingulate Cortex in Neuropathic Pain. Front. Cell Neurosci. 2018, 12, 436. [CrossRef]

31. Chen, T.; O’Den, G.; Song, Q.; Koga, K.; Zhang, M.M.; Zhuo, M. Adenylyl cyclase subtype 1 is essential for late-phase long term
potentiation and spatial propagation of synaptic responses in the anterior cingulate cortex of adult mice. Mol. Pain 2014, 10, 65.
[CrossRef]

https://doi.org/10.1016/j.neuron.2019.03.042
https://doi.org/10.1016/0006-8993(96)00561-6
https://doi.org/10.1523/JNEUROSCI.3667-13.2014
https://doi.org/10.1016/j.neuropharm.2016.01.036
https://www.ncbi.nlm.nih.gov/pubmed/26829470
https://doi.org/10.1016/j.nbd.2020.104862
https://doi.org/10.3389/fnins.2021.691931
https://doi.org/10.1186/s13041-015-0170-6
https://www.ncbi.nlm.nih.gov/pubmed/26631249
https://doi.org/10.3390/ijms232113035
https://www.ncbi.nlm.nih.gov/pubmed/36361825
https://doi.org/10.1016/j.neuroscience.2018.02.023
https://www.ncbi.nlm.nih.gov/pubmed/29477696
https://doi.org/10.1016/j.pain.2010.06.005
https://doi.org/10.1016/j.expneurol.2007.03.012
https://doi.org/10.1016/j.bbrc.2014.05.025
https://doi.org/10.1038/s41418-017-0012-4
https://doi.org/10.3390/ijms23137191
https://doi.org/10.1186/s12974-018-1235-0
https://www.ncbi.nlm.nih.gov/pubmed/29980212
https://doi.org/10.1016/j.cell.2012.06.019
https://doi.org/10.1038/nchembio711
https://www.ncbi.nlm.nih.gov/pubmed/16408008
https://doi.org/10.1097/WNR.0000000000001120
https://doi.org/10.3171/2016.12.FOCUS16430
https://doi.org/10.1007/s00429-013-0569-8
https://doi.org/10.1136/jnnp-2013-304956
https://doi.org/10.1097/j.pain.0000000000000517
https://www.ncbi.nlm.nih.gov/pubmed/26871535
https://doi.org/10.3389/fncel.2018.00436
https://doi.org/10.1186/1744-8069-10-65


Int. J. Mol. Sci. 2023, 24, 15454 18 of 19

32. Zhuo, M. Cortical LTP: A Synaptic Model for Chronic Pain. Adv. Exp. Med. Biol. 2018, 1099, 147–155.
33. Koga, K.; Descalzi, G.; Chen, T.; Ko, H.G.; Lu, J.; Li, S.; Son, J.; Kim, T.; Kwak, C.; Huganir, R.L.; et al. Coexistence of two forms of

LTP in ACC provides a synaptic mechanism for the interactions between anxiety and chronic pain. Neuron 2015, 85, 377–389.
[CrossRef] [PubMed]

34. Chen, Q.Y.; Li, X.H.; Zhuo, M. NMDA receptors and synaptic plasticity in the anterior cingulate cortex. Neuropharmacology 2021,
197, 108749. [CrossRef]

35. Bouchatta, O.; Aby, F.; Sifeddine, W.; Bouali-Benazzouz, R.; Brochoire, L.; Manouze, H.; Fossat, P.; Ba M’Hamed, S.; Bennis, M.;
Landry, M. Pain hypersensitivity in a pharmacological mouse model of attention-deficit/hyperactivity disorder. Proc. Natl. Acad.
Sci. USA 2022, 119, e2114094119. [CrossRef]

36. Fields, H. State-dependent opioid control of pain. Nat. Rev. Neurosci. 2004, 5, 565–575. [CrossRef] [PubMed]
37. Meeker, T.J.; Schmid, A.C.; Keaser, M.L.; Khan, S.A.; Gullapalli, R.P.; Dorsey, S.G.; Greenspan, J.D.; Seminowicz, D.A. Tonic pain

alters functional connectivity of the descending pain modulatory network involving amygdala, periaqueductal gray, parabrachial
nucleus and anterior cingulate cortex. Neuroimage 2022, 256, 119278. [CrossRef] [PubMed]

38. Calejesan, A.A.; Kim, S.J.; Zhuo, M. Descending facilitatory modulation of a behavioral nociceptive response by stimulation in
the adult rat anterior cingulate cortex. Eur. J. Pain 2000, 4, 83–96. [CrossRef]

39. Fillinger, C.; Yalcin, I.; Barrot, M.; Veinante, P. Efferents of anterior cingulate areas 24a and 24b and midcingulate areas 24a′ and
24b′ in the mouse. Brain Struct. Funct. 2018, 223, 1747–1778. [CrossRef] [PubMed]

40. Lamm, C.; Decety, J.; Singer, T. Meta-analytic evidence for common and distinct neural networks associated with directly
experienced pain and empathy for pain. Neuroimage 2011, 54, 2492–2502. [CrossRef]

41. Li, X.H.; Matsuura, T.; Xue, M.; Chen, Q.Y.; Liu, R.H.; Lu, J.S.; Shi, W.; Fan, K.; Zhou, Z.; Miao, Z.; et al. Oxytocin in the anterior
cingulate cortex attenuates neuropathic pain and emotional anxiety by inhibiting presynaptic long-term potentiation. Cell Rep.
2021, 36, 109411. [CrossRef] [PubMed]

42. Xiao, X.; Zhang, Y.Q. A new perspective on the anterior cingulate cortex and affective pain. Neurosci. Biobehav. Rev. 2018, 90,
200–211. [CrossRef] [PubMed]

43. Koga, K.; Shimoyama, S.; Yamada, A.; Furukawa, T.; Nikaido, Y.; Furue, H.; Nakamura, K.; Ueno, S. Chronic inflammatory
pain induced GABAergic synaptic plasticity in the adult mouse anterior cingulate cortex. Mol. Pain 2018, 14, 1744806918783478.
[CrossRef] [PubMed]

44. Peek, A.L.; Leaver, A.M.; Foster, S.; Puts, N.A.; Oeltzschner, G.; Henderson, L.; Galloway, G.; Ng, K.; Refshauge, K.; Rebbeck, T.
Increase in ACC GABA+ levels correlate with decrease in migraine frequency, intensity and disability over time. J. Headache Pain
2021, 22, 150. [CrossRef]

45. Fiore, N.T.; Austin, P.J. Peripheral Nerve Injury Triggers Neuroinflammation in the Medial Prefrontal Cortex and Ventral
Hippocampus in a Subgroup of Rats with Coincident Affective Behavioural Changes. Neuroscience 2019, 416, 147–167. [CrossRef]
[PubMed]

46. Wu, J.J.; Lu, Y.C.; Hua, X.Y.; Ma, S.J.; Xu, J.G. A Longitudinal Mapping Study on Cortical Plasticity of Peripheral Nerve Injury
Treated by Direct Anastomosis and Electroacupuncture in Rats. World Neurosurg. 2018, 114, e267–e282. [CrossRef] [PubMed]

47. Hou, A.L.; Zheng, M.X.; Hua, X.Y.; Huo, B.B.; Shen, J.; Xu, J.G. Electroacupuncture-Related Metabolic Brain Connectivity in
Neuropathic Pain due to Brachial Plexus Avulsion Injury in Rats. Front. Neural Circuits 2020, 14, 35. [CrossRef]

48. Shiers, S.; Pradhan, G.; Mwirigi, J.; Mejia, G.; Ahmad, A.; Kroener, S.; Price, T. Neuropathic pain creates an enduring prefrontal
cortex dysfunction corrected by the type II diabetic drug metformin but not by gabapentin. J. Neurosci. 2018, 38, 7337–7350.
[CrossRef] [PubMed]

49. Gao, L.; Zhang, J.F.; Williams, J.P.; Yan, Y.N.; Xiao, X.L.; Shi, W.R.; Qian, X.Y.; An, J.X. Neuropathic Pain Creates Systemic
Ultrastructural Changes in the Nervous System Corrected by Electroacupuncture but Not by Pregabalin. J. Pain Res. 2021, 14,
2893–2905. [CrossRef]

50. Zang, Y.; He, X.H.; Xin, W.J.; Pang, R.P.; Wei, X.H.; Zhou, L.J.; Li, Y.Y.; Liu, X.G. Inhibition of NF-kappaB prevents mechanical
allodynia induced by spinal ventral root transection and suppresses the re-expression of Nav1.3 in DRG neurons in vivo and
in vitro. Brain Res. 2010, 1363, 151–158. [CrossRef]

51. Kawasaki, Y.; Zhang, L.; Cheng, J.K.; Ji, R.R. Cytokine mechanisms of central sensitization: Distinct and overlapping role of
interleukin-1beta, interleukin-6, and tumor necrosis factor-alpha in regulating synaptic and neuronal activity in the superficial
spinal cord. J. Neurosci. 2008, 28, 5189–5194. [CrossRef]

52. Liu, Y.L.; Zhou, L.J.; Hu, N.W.; Xu, J.T.; Wu, C.Y.; Zhang, T.; Li, Y.Y.; Liu, X.G. Tumor necrosis factor-alpha induces long-term
potentiation of C-fiber evoked field potentials in spinal dorsal horn in rats with nerve injury: The role of NF-kappa B, JNK and
p38 MAPK. Neuropharmacology 2007, 52, 708–715. [CrossRef]

53. Wei, F.; Guo, W.; Zou, S.; Ren, K.; Dubner, R. Supraspinal glial-neuronal interactions contribute to descending pain facilitation. J.
Neurosci. 2008, 28, 10482–10495. [CrossRef]

54. Zhang, H.; Nei, H.; Dougherty, P.M. A p38 mitogen-activated protein kinase-dependent mechanism of disinhibition in spinal
synaptic transmission induced by tumor necrosis factor-alpha. J. Neurosci. 2010, 30, 12844–12855. [CrossRef]

55. Xu, D.; Zhao, H.; Gao, H.; Liu, D.; Li, J. Participation of pro-inflammatory cytokines in neuropathic pain evoked by chemothera-
peutic oxaliplatin via central GABAergic pathway. Mol. Pain 2018, 14, 1744806918783535. [CrossRef] [PubMed]

https://doi.org/10.1016/j.neuron.2014.12.021
https://www.ncbi.nlm.nih.gov/pubmed/25556835
https://doi.org/10.1016/j.neuropharm.2021.108749
https://doi.org/10.1073/pnas.2114094119
https://doi.org/10.1038/nrn1431
https://www.ncbi.nlm.nih.gov/pubmed/15208698
https://doi.org/10.1016/j.neuroimage.2022.119278
https://www.ncbi.nlm.nih.gov/pubmed/35523367
https://doi.org/10.1053/eujp.1999.0158
https://doi.org/10.1007/s00429-017-1585-x
https://www.ncbi.nlm.nih.gov/pubmed/29209804
https://doi.org/10.1016/j.neuroimage.2010.10.014
https://doi.org/10.1016/j.celrep.2021.109411
https://www.ncbi.nlm.nih.gov/pubmed/34289348
https://doi.org/10.1016/j.neubiorev.2018.03.022
https://www.ncbi.nlm.nih.gov/pubmed/29698697
https://doi.org/10.1177/1744806918783478
https://www.ncbi.nlm.nih.gov/pubmed/29956582
https://doi.org/10.1186/s10194-021-01352-1
https://doi.org/10.1016/j.neuroscience.2019.08.005
https://www.ncbi.nlm.nih.gov/pubmed/31401182
https://doi.org/10.1016/j.wneu.2018.02.173
https://www.ncbi.nlm.nih.gov/pubmed/29524702
https://doi.org/10.3389/fncir.2020.00035
https://doi.org/10.1523/JNEUROSCI.0713-18.2018
https://www.ncbi.nlm.nih.gov/pubmed/30030404
https://doi.org/10.2147/JPR.S322964
https://doi.org/10.1016/j.brainres.2010.09.048
https://doi.org/10.1523/JNEUROSCI.3338-07.2008
https://doi.org/10.1016/j.neuropharm.2006.09.011
https://doi.org/10.1523/JNEUROSCI.3593-08.2008
https://doi.org/10.1523/JNEUROSCI.2437-10.2010
https://doi.org/10.1177/1744806918783535
https://www.ncbi.nlm.nih.gov/pubmed/29900804


Int. J. Mol. Sci. 2023, 24, 15454 19 of 19

56. Holler, N.; Zaru, R.; Micheau, O.; Thome, M.; Attinger, A.; Valitutti, S.; Bodmer, J.L.; Schneider, P.; Seed, B.; Tschopp, J. Fas
triggers an alternative, caspase-8-independent cell death pathway using the kinase RIP as effector molecule. Nat. Immunol. 2000,
1, 489–495. [CrossRef] [PubMed]

57. Shan, B.; Pan, H.; Najafov, A.; Yuan, J. Necroptosis in development and diseases. Genes Dev. 2018, 32, 327–340. [CrossRef]
58. Zhao, J.; Jitkaew, S.; Cai, Z.Y.; Choksi, S.; Li, Q.N.; Luo, J.; Liu, Z.G. Mixed lineage kinase domain-like is a key receptor interacting

protein 3 downstream component of TNF-induced necrosis. Proc. Natl. Acad. Sci. USA 2012, 109, 5322–5327. [CrossRef] [PubMed]
59. Pasparakis, M.; Vandenabeele, P. Necroptosis and its role in inflammation. Nature 2015, 517, 311–320. [CrossRef]
60. Chen, X.; Zhu, R.; Zhong, J.; Ying, Y.; Wang, W.; Cao, Y.; Cai, H.; Li, X.; Shuai, J.; Han, J. Mosaic composition of RIP1-RIP3

signalling hub and its role in regulating cell death. Nat. Cell Biol. 2022, 24, 471–482. [CrossRef] [PubMed]
61. Dondelinger, Y.; Declercq, W.; Montessuit, S.; Roelandt, R.; Goncalves, A.; Bruggeman, I.; Hulpiau, P.; Weber, K.; Sehon, C.A.;

Marquis, R.W.; et al. MLKL Compromises Plasma Membrane Integrity by Binding to Phosphatidylinositol Phosphates. Cell Rep.
2014, 7, 971–981. [CrossRef]

62. Wang, H.Y.; Sun, L.M.; Su, L.J.; Rizo, J.; Liu, L.; Wang, L.F.; Wang, F.S.; Wang, X.D. Mixed Lineage Kinase Domain-like Protein
MLKL Causes Necrotic Membrane Disruption upon Phosphorylation by RIP3. Mol. Cell 2014, 54, 133–146. [CrossRef]

63. Yabal, M.; Muller, N.; Adler, H.; Knies, N.; Gross, C.J.; Damgaard, R.B.; Kanegane, H.; Ringelhan, M.; Kaufmann, T.; Heikenwalder,
M.; et al. XIAP restricts TNF- and RIP3-dependent cell death and inflammasome activation. Cell Rep. 2014, 7, 1796–1808.
[CrossRef]

64. Qin, S.; Yang, C.; Huang, W.; Du, S.; Mai, H.; Xiao, J.; Lu, T. Sulforaphane attenuates microglia-mediated neuronal necroptosis
through down-regulation of MAPK/NF-kappaB signaling pathways in LPS-activated BV-2 microglia. Pharmacol. Res. 2018, 133,
218–235. [CrossRef]

65. Wallach, D.; Kang, T.B.; Dillon, C.P.; Green, D.R. Programmed necrosis in inflammation: Toward identification of the effector
molecules. Science 2016, 352, aaf2154. [CrossRef]

66. Koehler, H.; Cotsmire, S.; Langland, J.; Kibler, K.V.; Kalman, D.; Upton, J.W.; Mocarski, E.S.; Jacobs, B.L. Inhibition of DAI-
dependent necroptosis by the Z-DNA binding domain of the vaccinia virus innate immune evasion protein, E3. Proc. Natl. Acad.
Sci. USA 2017, 114, 11506–11511. [CrossRef]

67. Newton, K.; Manning, G. Necroptosis and Inflammation. Annu. Rev. Biochem. 2016, 85, 743–763. [CrossRef]
68. Ma, D.; Zhao, S.; Liu, X.; Li, Z.; Li, H.; Liu, J.; Cao, J.; Wang, X. RIP3/MLKL pathway-regulated necroptosis: A new mechanism of

paclitaxel-induced peripheral neuropathy. J. Biochem. Mol. Toxicol. 2021, 35, e22834. [CrossRef]
69. Ma, D.; Wang, X.; Liu, X.; Li, Z.; Liu, J.; Cao, J.; Wang, G.; Guo, Y.; Zhao, S. Macrophage Infiltration Initiates RIP3/MLKL-

Dependent Necroptosis in Paclitaxel-Induced Neuropathic Pain. Mediat. Inflamm. 2022, 2022, 1567210. [CrossRef]
70. Liang, Y.X.; Wang, N.N.; Zhang, Z.Y.; Juan, Z.D.; Zhang, C. Necrostatin-1 Ameliorates Peripheral Nerve Injury-Induced

Neuropathic Pain by Inhibiting the RIP1/RIP3 Pathway. Front. Cell Neurosci. 2019, 13, 211. [CrossRef]
71. Fang, P.; Sun, G.Q.; Wang, J.Y. RIP3-mediated necroptosis increases neuropathic pain via microglia activation: Necrostatin-1 has

therapeutic potential. FEBS Open Bio 2021, 11, 2858–2865. [CrossRef] [PubMed]
72. Zhang, Y.; Wang, Y.; Zhao, W.; Li, L.; Sun, Y.; Shao, J.; Ren, X.; Zang, W.; Cao, J. Role of spinal RIP3 in inflammatory pain and

electroacupuncture-mediated analgesic effect in mice. Life Sci. 2022, 306, 120839. [CrossRef]
73. Kurabe, M.; Sasaki, M.; Furutani, K.; Furue, H.; Kamiya, Y.; Baba, H. Structural and functional properties of spinal dorsal horn

neurons after peripheral nerve injury change overtime via astrocyte activation. iScience 2022, 25, 105555. [CrossRef] [PubMed]
74. Giovannini, S.; Coraci, D.; Brau, F.; Galluzzo, V.; Loreti, C.; Caliandro, P.; Padua, L.; Maccauro, G.; Biscotti, L.; Bernabei, R.

Neuropathic Pain in the Elderly. Diagnostics 2021, 11, 613. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1038/82732
https://www.ncbi.nlm.nih.gov/pubmed/11101870
https://doi.org/10.1101/gad.312561.118
https://doi.org/10.1073/pnas.1200012109
https://www.ncbi.nlm.nih.gov/pubmed/22421439
https://doi.org/10.1038/nature14191
https://doi.org/10.1038/s41556-022-00854-7
https://www.ncbi.nlm.nih.gov/pubmed/35256774
https://doi.org/10.1016/j.celrep.2014.04.026
https://doi.org/10.1016/j.molcel.2014.03.003
https://doi.org/10.1016/j.celrep.2014.05.008
https://doi.org/10.1016/j.phrs.2018.01.014
https://doi.org/10.1126/science.aaf2154
https://doi.org/10.1073/pnas.1700999114
https://doi.org/10.1146/annurev-biochem-060815-014830
https://doi.org/10.1002/jbt.22834
https://doi.org/10.1155/2022/1567210
https://doi.org/10.3389/fncel.2019.00211
https://doi.org/10.1002/2211-5463.13258
https://www.ncbi.nlm.nih.gov/pubmed/34320280
https://doi.org/10.1016/j.lfs.2022.120839
https://doi.org/10.1016/j.isci.2022.105555
https://www.ncbi.nlm.nih.gov/pubmed/36444301
https://doi.org/10.3390/diagnostics11040613
https://www.ncbi.nlm.nih.gov/pubmed/33808121

	Introduction 
	Results 
	SNI Induces Excitation/Inhibition (E/I) Imbalance in ACC 
	The Activation of the TNF–Necroptosis Pathway in ACC PV-INs Following SNI Surgery 
	Inhibition of the ACC TNF–Necroptosis Pathway Reduces Neuroinflammation in the ACC and Alleviates SNI-Induced Mechanical Allodynia 

	Discussion 
	ACC Hyper-Excitability Induces Pain Hypersensitivity and Pain-Related Emotional Disorders 
	Dysfunction of ACC Inhibitory Interneurons in Chronic Pain Promotes E/I Imbalance in the ACC 
	The Role of the TNF–Necroptosis Pathway in ACC Disinhibition Following Peripheral Nerve Injury 

	Materials and Methods 
	Animals 
	Spared Nerve Injury (SNI) 
	Fifty Percent Paw Withdrawal Threshold Test 
	Immunohistochemistry and Immunofluorescence 
	Western Blotting 
	Bioinformatic Tools 
	Intra-ACC Drug Application 
	Transfection of siRNA In Vivo 
	Supernova 
	Statistical Analysis 

	Conclusions 
	References

