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Neuropathic pain (NP) represents a considerable clinical challenge, profoundly impacting patients’ quality
of life. Presently, pharmacotherapy serves as a primary approach for NP alleviation, yet its efficacy often
remains suboptimal. Melatonin (MLT), a biologically active compound secreted by the pineal gland, has
long been associated with promoting and maintaining sleep. Although recent studies suggest analgesic
effects of MLT, the underlying mechanism remains largely unknown, particularly its impact on the cortex. In
this study, we induced an NP model in mice through spared nerve injury (SNI) and observed a considerable,
dose-dependent alleviation in NP symptoms following intraperitoneal or anterior cingulate cortex (ACC)
administration of MLT. Our findings further indicated that the NP management of MLT is selectively
mediated by MLT-related receptor 2 (MT,R), rather than MT,R, on neurons and microglia within the ACC.
Transcriptome sequencing, complemented by bioinformatics analysis, implicated MLT in the modulation
of Ga(i) and immune-inflammatory signals. Specifically, MLT inhibited the excitability level of pyramidal
cellsin the ACC by activating the Ga(i) signaling pathway. Simultaneously, MLT attenuated M, polarization
and promoted M, polarization of microglia, thereby mitigating the inflammatory response and type II
interferon response within the ACC. These findings unveil a hitherto unrecognized molecular mechanism:
an MLT-mediated neuroimmune modulation pathway in the ACC mediated by MT,R. This elucidation sheds
light on the regulatory character of MLT in chronic nociceptive pain conditions, offering a prospective
therapeutic strategy for NP management.
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Introduction

Neuropathic pain (NP) is a major contributor to severe and
enduring chronic pain. Given the intricate mechanisms underly-
ing its development, while existing pharmaceutical treatments,
including antidepressants (amitriptyline, duloxetine), antiepi-
leptic drugs (pregabalin), and opioids (morphine, etc.), do offer
relief of pain in certain instances, their limitations and side effects
highlight the need for more targeted and effective therapeutic
options [1-3]. Extensive research has demonstrated a close cor-
relation between NP processes and abnormal activity within the
sensory modulation regions of the central nervous system [4,5].
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Among these areas, the anterior cingulate cortex (ACC) plays a
well-studied role in pain modulation [6-8]. Our previous studies
align with this finding, revealing that NP triggers abnormal acti-
vation of neurons, particularly pyramidal neurons, within the
ACC [9-11]. These activated pyramidal cells amplify the dis-
charge activity of spinal dorsal horn neurons, contributing to
enhanced pain sensitization [12]. Remarkably, suppressing the
activation of pyramidal cells in the ACC yields substantial anal-
gesic effects [13,14]. Therefore, the cortical regions of the ACC
emerge as a promising therapeutic target for NP treatment.
Melatonin (MLT), a hormone released from the pineal body,
emerges as a crucial regulator in promoting and maintaining
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sleep [15,16]. More recently, evidence has emerged indicating
that MLT’s proficiency as an effective free radical scavenger,
safeguarding neurons against the aggregation of reactive oxy-
gen species (ROS) and alleviating neurotoxicity [17-19], thereby
regulating a range of neurological diseases, encompassing
Parkinson’s disease, Alzheimer’s disease, and various other con-
ditions [20-22]. In addition, prior research has demonstrated
that oral, intraperitoneal, or intrathecal administration of MLT,
through the MT, receptor (MT,R), exerts analgesic effects in
rats with NP or chemotherapy pain in behavioral experiments
[23-25]. MLT inhibits the protein expression of mitogen-
activated protein kinases (MAPKs) in astrocyte and microglia
in the spinal cord [25-27]. In our previous work, we also show
that intraperitoneal injection of MLT alleviates NP through
activation of MT,R and NOSI in the dorsal root ganglia in mice
[26]. However, the mechanism of MLT’s analgesic action
remains largely unexplored, and there is a marked lack of stud-
ies examining its analgesic effect and mechanism in the cortex,
especially in the ACC.

In the current study, we constructed an NP model of mice
via spared nerve injury (SNI) and observed that administration
of MLT, via either intraperitoneal injection or direct microin-
jection into the ACC, resulted in a notable, dose-dependent
alleviation of NP. The mechanism underlying MLT’s effect
involved the activation of MT,R expressed in both ACC pyra-
midal cells and microglia. This activation was characterized by
a Go(i)-mediated suppression of pyramidal cell activity, inhibi-
tion of microglial M, polarization, and a reduction in the
release of inflammatory cytokines within the ACC. These find-
ings not only enhance our understanding of MLT’s analgesic
mechanisms but also hold potential implications for clinical
relief of NP.

Results

MLT induces analgesic effect through MT,R with a

manner dependent on dosage in the ACC

We used the SNI model to induce NP in adult male mice, and
the paw withdrawal mechanical thresholds (PWMTs) were then
evaluated in von Frey filament test, as stated in our earlier stud-
ies (Fig. 1A) [28,29]. We observed a significant decrease in
PWMTs from day 1 to day 6 after surgery in SNI mice com-
pared to sham mice (Fig. 1B). To investigate the possible anal-
gesic effects of MLT, we administered varying concentrations
of MLT intraperitoneally (0.1, 0.3, 1, 3, or 10 mg/kg) or via
microinjection (1 pM, 3 pM, 10 pM, 30 uM, 100 pM, 0.5 pl)
into the ACC (Fig. 1B and E). The results demonstrated a pain-
relieving effect of MLT that varied according to the dose admin-
istered, with an ED, value (the median effective dose necessary
to elicit an analgesic response) of 1.114 mg/kg for intraperito-
neal administration and 13.33 pM for microinjection into the
ACC (Fig. 1C and F). We also tested the impact of MLT at EDy,
concentration on pain sensation in female mice and found that
MLT, either by intraperitoneal injection or by ACC microinjec-
tion, alleviated the mechanical allodynia of SNI female mice
(Fig. S1). Accordingly, we believe that MLT’s analgesia effect is
applicable to both male and female mice.

To test whether MLT’s effect is mediated by MT R or MT,R,
we administered, through intraperitoneal or by ACC microinjec-
tion, MT,R agonist 8-M-PDOT [the pKi values (affinity constant
between MLT and its target) binding to MT,R and MT,R were
8.23 and 8.95, respectively] and found that 8-M-PDOT
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mimicked MLT’s analgesic effect. However, when MT,R was
selectively activated, by using a combined approach of Ramelteon
(MT,R and MT,R agonists) and 4-P-PDOT (MT,R antagonist),
no significant alterations in PWMTs were detected (Fig. 1D and
G). These results hint at that MLT exerts a notable analgesic effect
in the ACC, mediated primarily by MT,R rather than by MT R.

Subsequently, the expression intensity of MT R and MT,R
in the ACC was tested through Western blot (WB) analysis.
It was observed that the MT R expression remained unchanged
in both SNI mice and SNI mice receiving intraperitoneal
administration of MLT (Fig. 1H). However, MT,R expression
was significantly up-regulated in SNI mice and this up-regulation
was reversed by MLT administration (Fig. 1I), further sup-
porting the involvement of ACC MT,R in MLT’s analgesia.
Interestingly, immunofluorescent staining revealed that the
MT,R immunoreactivity was mainly localized to neurons
(73.62%) and microglia (23.44%) (Fig. 1] to L), strongly sug-
gesting that MLT may exert its effect through both neuronal
and microglial MT,R in the ACC.

MLT regulates the immune-inflammatory response
through G protein-coupled receptor signaling and

type Il interferon signaling

The molecular principles behind the analgesic effect of MLT
remain unknown. To elucidate this mechanism, we studied
primary regulatory messages intensively based on transcrip-
tome sequencing technology [30]. Homogenates of the ACC
were arranged from sham-saline, SNI-saline, and SNI-MLT
mice, and the precipitated RNA was subjected to sequencing
(Fig. 2A). After normalization (Fig. S2A and B), the analysis
of RNA sequencing data was conducted to pinpoint genes that
exhibited a significant (P < 0.05) enrichment of approximately
1.2-fold or more in the precipitated RNA from ACC homog-
enates across sham-saline, SNI-saline, and SNI-MLT groups.
The results revealed 107 differentially expressed genes (DEGs;
106 up-regulated and 1 down-regulated) totally in the SNI-
saline versus sham-saline group (Fig. 2B), and in total 109
DEGs (1 up-regulated and 108 down-regulated) in the SNI-
MLT versus SNI-saline group (Fig. 2C). Subsequently, employ-
ing weighted gene co-expression network analysis (WGCNA)
for module classification, we identified 29 modules (Fig. 2D
and E) after cluster analysis (Fig. S2C). By assessing the asso-
ciation coeflicient between modules and MLT intervention,
the green4 module, exhibiting the highest correlation (r =
0.98, P =4 x 10~*) with MLT intervention, was chosen as the
key module (Fig. 2F). From the green4 module, we identified
2,223 hub genes for subsequent analysis (Fig. 2G).

To narrow down the genes related to MLT intervention, we
identified 93 genes through Venn diagrams by overlapping DEGs
with module-related genes (Fig. 3A). Subsequently, we conducted
functional enrichment analyses on these 93 genes to gain insights
into the potential mechanisms and functions underlying MLT
intervention in NP. Gene Ontology (GO) terms highlighted the
significant connection of these selected genes in biological pro-
cesses (BP) such as cellular response to biotic stimulus, response
to type II interferon, and response to interleukin-1 (IL-1). The
cellular components (CC) results suggested that these genes may
function through membrane microdomains and major histo-
compatibility complex (MHC) protein complexes. Furthermore,
molecular function (MF) analysis indicated potential associa-
tions with cytokine activation and G protein-coupled receptor
(GPCR) binding (Fig. 3B). The Kyoto Encyclopedia of Genes and
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Fig. 1. Administration of MLT induces analgesic effect through MT,R in SNI mice. (A) Experimental timeline. (B) The PWMT is tested for evaluation of the potential analgesic
effect with intraperitoneal administration of MLT or saline (n = 6). (C) Dose—-effect curves of MLT's analgesic effects with intraperitoneal administration. (D) The PWMT is tested for
evaluation of the potential analgesic effect with intraperitoneal administration of MLT (1.114 mg/kg), 8-M-PDOT (MT,R agonist, 1.3 mg/kg), Ramelteon (MT,R/MT,R agonist, 1.4 mg/
kg) + 4-P-PDOT (MT,R antagonist, 0.14 mg/kg), or saline (n = 6). (E) The PWMT is tested for evaluation of the potential analgesic effect with ACC microinjection of MLT or saline
(n=10). (F) Dose—effect curves of MLT's analgesic effects with ACC microinjection. (G) The PWMT is tested for evaluation of the potential analgesic effect with ACC microinjection
of MLT (13.33 uM), 8-M-PDOT (10 uM), Ramelteon (10 uM) + 4-P-PDOT (10 uM), or saline (n = 10). (H and I) WB showing the expression of MT;R protein and MT,R in the ACC of each
group mice (n = 3). (J and K) Immunofluorescence staining for MT,R/NeuN/Iba-1/GFAP in the ACC. Scale bars, 200 pm (J) and 10 pm (K). (L) Ratio of MT,R-immunoreactivities
in NeuN-, Iba-1-, and GFAP-immunoreactive cells (n = 3). *P < 0.05; **P < 0.01; **#P < 0.001; ****P < 0.0001. Figure 1A was created with BioRender.com, with permission.
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Fig. 2. Phenotypic-related genes obtained via differential gene analysis and WGCNA. (A) Schematic illustrating the RNA-seq procedure. (B and C) Volcano plot depicting changes in
transcript expression in the ACC, within SNI + saline versus sham + saline mice (B), and SNI + MLT versus SNI + saline mice (C) (n = 3). The y axis corresponds to —log;, (P value),and the
xaxis displays log, fold change (logFC). Red dots represent up-regulated transcripts (P < 0.05, logFC > 1.2), and blue dots represent down-regulated transcripts (P < 0.05, logFC < —1.2).
The dashed line parallel to the x axis indicates a raw P value = 0.05. The dashed line parallel to the y axis indicates a raw FC = 1.2. (D) Scale-free index analysis for soft-threshold power
and mean connectivity analysis for various soft-threshold powers. (E) Module clustering dendrogram based on a dissimilarity measure (1-TOM). (F) Heatmap displaying the correlation
between module eigengenes and MLT treatment. (G) Scatterplot of GS for MLT treatment versus MM in the green4 module. Figure 2A was created with BioRender.com, with permission.
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Genomes (KEGG) enrichment terms discovered the engagement
of several signaling pathways pertinent to immune and inflam-
matory responses, including the immune system, immune dis-
ease, and signaling molecules and interactions (Fig. 3C).
Reactome enrichment analysis results indicated involvement in
GPCR-related pathways [GPCR ligand binding and Ga(i) signal-
ing events] and cytokine signaling in the immune system (Fig.
3D). Based on these results, we hypothesize that MLT may act
on both neurons and microglia through GPCR (MT,R) to medi-
ate neuroexcitability inhibition and regulate immune inflamma-
tion (Fig. 3E).

MLT reduces the excitability of ACC pyramidal
neurons through Ga(i) signaling and suppresses
presynaptic excitatory input

We first examined the impact of MLT on neuronal excitability. By
immunofluorescence staining, 76.33% of MT,R-immunoreactive
(ir) neurons were found to colabel with CaMKII-ir pyramidal
cells, while 20.51% of MT,R-ir neurons were colabeled with
GAD67-GFP in the ACC (Fig. 4A to C), suggesting that MLT may
affect the excitatory and/or inhibitory synaptic transmission and
intrinsic properties. We then used the whole-cell patch clamping
of ACC pyramidal cells to investigate whether MLT influenced
the synaptic transmission. First, the spontaneous excitatory post-
synaptic currents (SEPSCs) and spontaneous inhibitory postsyn-
aptic currents (SIPSCs) were recorded to reflect the probability of
presynaptic excitatory/inhibitory neurotransmitter discharge and
postsynaptic reactions. We observed that both the frequency and
amplitude of sSEPSCs were raised in the SNI mice, in contrast to
those in the sham mice (Fig. 4D and E). Bath application of MLT
significantly decreased the frequency of the sEPSCs, but with no
effect on their amplitude (Fig. 4F and G). However, both the fre-
quency and the amplitude of sSTPSCs were not altered between the
SNI and sham mice (Fig. 4H and I), and subsequent bath applica-
tion of MLT did not change them either (Fig. 4] and K). To evalu-
ate the possible impact of MLT on the excitation-inhibition
balance, we recorded the ratio of evoked EPSC to IPSC (E/I ratio)
of the same pyramidal cells in the ACC. We observed that SNI
enhanced the E/I ratio, which was reduced significantly by bath
application of MLT (Fig. 4L and M).

We then examined whether MLT influenced the intrinsic
attributes of ACC pyramidal cells and interneurons. As shown
in Fig. 5A, the average number of spikes in ACC pyramidal
cells was notably elevated in SNI-induced NP mice when com-
pared to the sham mice. Bath application of MLT reduced the
spike number in the SNI group significantly. Additionally, the
decreased rheobase current and improved membrane input
resistances (Rin) were being observed, which were reversed
by MLT application (Fig. 5D and E and Fig. S3). In contrast,
MLT application did not change the firing number of action
potential, rheobase, or Rin of the interneurons in either SNI
or sham mice (Fig. 5B and F to H). Given that MT,R is a
GPCR signaling through Ga(i) protein [31] (see also Fig. 3D),
we performed WB analysis to assess the expression levels of
PKA and pCREB, downstream signaling molecules of Ga(i).
The results revealed an outstanding increase in the expression
levels of PKA and pCREB in the ACC of mice after SNI, and
intraperitoneal injection of MLT significantly reduced their
expression levels (Fig. 51 and J). Collectively, these findings sug-
gest that MLT reduces the excitatory input to ACC pyramidal
cells and inhibits their excitability through Ga(i) signaling.
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MLT inhibits the inflammation and type Il interferon
response and facilitates the anti-inflammatory

polarization of cultured microglia
We next inspected the potential influence of MLT on microglia
and the ensuing immune-inflammatory response within the
ACC. Immunofluorescence staining revealed a high expression
of MT,R in cultured primary microglia (Fig. 6A to C), consis-
tent with MT,R immunofluorescence results in the ACC (Fig.
1] to L). Using enzyme-linked immunosorbent assay (ELISA),
the relative expression levels of tumor necrosis factor-o (TNF-),
IL-1p, IL-6, and interferon-y (IFN-y) in the culture medium
were assessed at 3, 6, 12, or 24 h after lipopolysaccharide (LPS)
stimulation. We observed a significant growth in the secretion
levels of these inflammatory cytokines at 3 to 24 h after LPS
stimulation, as compared to the control group (Fig. 6D to G).
The relative secretion of TNF-a, IL-1p, IL-6, and IFN-y levels
at 12 h after LPS stimulation was then utilized to evaluate the
MLT intervention effect. The application of MLT markedly
inhibited the relative secretion levels of TNF-a, IL-6, and IFN-
v, without affecting the secretion level of IL-1p (Fig. 6H to K).
Prior research has demonstrated that microglia exhibit
high sensitivity to microenvironmental signals, leading to
either M -like (proinflammatory phenotype) or M,-like (anti-
inflammatory phenotype) polarization [32]. This prompted
our hypothesis that MLT might regulate immune inflamma-
tion by modulating microglial polarization. To assess this, we
performed WB analysis to examine the expression levels of
4 microglial polarization markers: CD16/32 and inducible
nitric oxide synthase (iNOS) for the M, phenotype, and argi-
nase-1 (ARG-1) and CD206 for the M, phenotype. Our find-
ings exposed that LPS stimulation increased the expression
of CD16/32 and iNOS, while MLT attenuated these elevated
expression noticeably. Conversely, LPS down-regulated the
expression intensity of ARG-1 and CD206, and MLT increased
these reduced expression considerably (Fig. 6L and M). These
results suggest that MLT inhibits inflammation and the type
IT interferon response mediated by M, -like microglia while
facilitating the shift of microglia to the M, phenotype.

MLT inhibits inflammation and type Il interferon
response through cGAS-STING signaling pathway
in the ACC

To reinforce our in vivo results with further evidence, we uti-
lized WB analysis and ELISA to assess the expression levels of
4 microglial polarization marker molecules in the ACC. We
observed that SNI treatment significantly elevated the expres-
sion levels of CD16/32 and iNOS in the ACC; however, these
levels were reduced by MLT intraperitoneal administration
(Fig. 7A and B). Conversely, although the expression levels of
ARG-1 but CD206 were reduced by SNI treatment, MLT intra-
peritoneal administration markedly enhanced their expression
(Fig. 7C and D). Consistently, we verified that the expression
levels of proinflammatory cytokines, including TNF-a, IL-1f,
IL-6, and IFN-y, were substantially elevated in the ACC by SNI
treatment. Importantly, MLT administration significantly miti-
gated the expression levels of these proinflammatory mediators
(Fig. 7E to H).

Prior research has suggested that the stimulator of interferon
genes (STING) releases proinflammatory cytokines, contribut-
ing to neuroinflammation that exacerbates chronic pain [33-35].
We then tested whether MLT diminishes inflammation and type
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Fig. 4. MLT inhibits the frequency of SEPSC of ACC pyramidal cells. (A to C) Immunofluorescence staining for MT,R/CaMKII/GAD67-GFP in the ACC. The rectangle areas in
(A) are magnified in (B). Scale bars, 200 um (A) and 10 pm (B). (C) Ratio of MT,R-immunoreactivities in CaMKII-immunoreactive cells and GAD67-GFP-labeling cells (n = 3).
(D) Representative electrophysiological samples showing the SEPSC with bath application of MLT (13.33 pM) in the sham and SNI group. (E) The frequency and amplitude of
SEPSC are significantly increased in the SNI mice compared to those in the sham mice. (F) Application of MLT decreases the frequency of SEPSC in the SNI mice but not in the
sham mice. (G) Application of MLT has no effect on the amplitude of SEPSC in both the SNI and sham mice. (H) Representative electrophysiological samples showing sIPSCs
with bath application of MLT (13.33 uM) in the sham and SNI group. (I) The frequency and amplitude of sIPSC are not altered in the SNI mice compared to those in the sham
mice. (J and K) Application of MLT has no effect on the frequency (J) and amplitude (K) of sIPSC in the SNI or sham mice. (L and M) Representative samples (L) and column
diagram (M) showing that MLT decreases the ratio of evoked EPSC to IPSC (eEPSC/elPSC ratio) of the ACC pyramidal cells in SNI mice. *P < 0.05; **P < 0.01.
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Fig. 5. MLT decreases the excitation of ACC pyramidal cells. (A) Application of MLT reduces the spike number of pyramidal neurons in the ACC of SNI mice. (B) Application
of MLT has no effect on the spike number of interneurons in the ACC. (C) Representative traces of the first action potential (AP) of pyramidal neurons in the ACC induced by
suprathreshold depolarizing current pulse. (D and E) Rheobase current (D) and membrane input resistance (Rin) (E) of ACC pyramidal neurons in sham + ACSF, sham + MLT,
SNI +ACSF, and SNI + MLT groups. (F) Representative traces of the first AP of interneurons in ACC induced by suprathreshold depolarizing current pulse. (G and H) Rheobase
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IIinterferon response via the cyclic guanosine monophosphate-
adenosine monophosphate synthase (cGAS)-STING signaling
pathway. We first investigated the cell types expressing cGAS,
STING, IFNYR, IFIT, (interferon-induced proteins with tetratri-
copeptide repeats 1), and IFIT; in the ACC and observed an
abundant expression of cGAS and STING in microglia, while
IFNYR, IFIT,, and IFIT; were predominantly expressed in neu-
rons (Fig. 7I and J). Subsequently, we conducted WB analysis
and found that the expression levels of cGAS, STING, IFIT,, and
IFIT, were significantly elevated in SNI mice, and MLT applica-
tion led to a substantial reduction in their expression levels (Fig.
7K to N). These findings strongly support that MLT should sup-
press inflammation and type II interferon response through the
c¢GAS-STING signaling pathway.

Discussion

Within this research, we used the SNI model to induce NP in
mice and demonstrated that both intraperitoneal injection and
ACC microinjection of MLT effectively mitigate NP in a dose-
dependent manner. The analgesic properties of MLT are specifi-
cally mediated through MT,R, a GPCR predominantly expressed
in ACC neurons and microglia. Mechanistically, MLT utilizes the
activation of the Ga(i) signaling pathway to deliver its analgesic
benefits through MT,R, leading to the inhibition of pyramidal
neuron excitability in the ACC. Simultaneously, MLT impedes
the M, polarization of microglia and promotes their shift toward
the M, phenotype, thereby reducing inflammatory responses and
type II interferon reactions in the ACC (Fig. 8).

MLT, often referred to as the pineal hormone, is an indole-like
neuroendocrine bioactive substances produced by the pineal
gland. Its primary physiological role involves the regulation of the
human biological rhythm, with a particular emphasis on the

circadian rhythm [36-38]. Beyond its circadian functions, MLT
also demonstrates various physiological effects, including antioxi-
dative capabilities [39], immune modulation [40,41], influences
on neuroendocrine function and aging [42], and analgesic proper-
ties [43,44]. In humans and other mammals, the primary media-
tors of MLT’s biological functions are MT,R and MT,R, which
exhibit substantial amino acid homology and cooperatively regu-
late circadian rhythms and immune responses within the central
nervous system (CNS). In the present study, to eliminate the pos-
sible influence of rhythm variations on pain perception, we chose
to conduct behavioral tests for all groups during the same period of
the day. Notably, our study reveals a considerable dose-dependent
alleviation of NP through intraperitoneal or ACC administra-
tion of MLT, and this analgesic effect is specifically attributed to
MT,R. Previous studies have shown that N-{2-([3-bromophenyl]-
4-fluorophenylamino)ethyl} acetamide (UCM924), a selective
agonist of MT,R, exerts analgesic effects in MT, ™~ mice but not
in MT, ™~ and MT,"/MT, ™ mice [45]. Our finding aligns with
previous rodent studies indicating that MT,R, rather than MT R,
plays a crucial role in pain modulation [26,27,45].

The ACC has emerged as a pivotal region in various brain
functions, encompassing pain processing, fear memory, and
social behavior [6,10,12,14,46]. A growing body of research
implicates aberrant excitability in ACC neurons and hyperactivity
of glial cells, particularly microglia, in pain hypersensitivity
[47-50]. Understanding the intricate interplay between neurons and
microglia offers insights into mechanisms amplifying pain signals
associated with NP, offering potential avenues for the develop-
ment of novel therapeutic interventions for chronic pain. Our
study revealed that approximately 73.62% of MT,R-ir signals
were localized to neuronal membranes, with 23.44% observed in
microglial membranes. Furthermore, MLT orchestrates the
regulation of immune-inflammatory responses through GPCR
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signaling and type II interferon responses, as revealed by RNA-
sequencing (RNA-seq) analysis. These findings suggest that MLT’s
analgesic effects may directly influence neuronal excitability and
modulate microglial activity through immune-inflammatory
regulation. Our investigation explores MLT’s mechanism from
the perspectives of both neurons and microglia. Results indi-
cated that MLT suppressed excitatory input to ACC neurons and
inhibited pyramidal neuron excitability through Go(i) signaling.
While we observed MT,R expression in interneurons, MLT’s
impact on interneuronal electrophysiological characteristics was
not evident. A previous study has shown that FOS protein expres-
sion is primarily localized to pyramidal cells within the ACC of
rats 1 month following Complete Freund’s Adjuvant (CFA) injec-
tion, with no significant expression observed in interneurons
[51]. Our previous study also reveals that in mice, 1 week after
NP, the FOS expression and firing rate of pyramidal neurons in
the ACC are elevated, whereas those of interneurons remain
unchanged [10]. Thus, solely focusing on the perspective of ACC,
these findings align with our present electrophysiological out-
comes, suggesting that the interneurons located within the ACC
may not be implicated in the modulation of chronic pain.
However, considering that optogenetic activation [13] or chemo-
genetic inhibition [51] of interneurons in the ACC has been
demonstrated to modulate mechanical pain responses or anxiety-
like behaviors induced by inflammatory pain, respectively, it
seems improbable that interneurons play no significant role in
the regulation of nociception. Therefore, we hypothesize that the
involvement of ACC interneurons in the regulation of chronic
pain may be more intricate and multifaceted than previously
envisioned. A more reasonable hypothesis may be that interneu-
rons play a phasic but not tonic inhibitory role in the global activ-
ity of ACC, thus regulating nociception.

Additionally, Lopez-Canul et al. [52] find that UCM924
notably alleviates pain behaviors in rats after L.~L spinal nerve
ligation and SNI. This mechanism may be closely related to the
decreased activity of pronociceptive ON cells and the enhanced
activity of antinociceptive OFF cells in the periaqueductal gray
(PAG) induced by UCM924. Based on the results of our study,
we propose that the analgesic effect of MLT is associated with
the expression and distribution of MT,R in the brain, and ACC
is a critical but not the only brain region for MLT to exert its
analgesic effect. Furthermore, Posa et al. [53] reveal that the
antinociceptive effect of UCM924 in the rostral ventromedial
medulla (RVM) is blocked by mu opioid receptor (MOR), but
not delta opioid receptor (DOR), antagonism. Given the key
role of MOR in the descending analgesic circuit, and the fact
that ACC projecting to the PAG [54,55], we speculate that MLT
may affect the activity of ACC projecting pyramidal neurons
and also in turn regulate the descending analgesic circuit in the
PAG and/or RVM, thereby producing an analgesic effect.

In recent investigations on microglia, it has been demon-
strated that reactive microglia contribute to the sustained
excitability of ACC neurons in reply to chronic nicotine expo-
sure. Notably, pharmacological interventions specifically
targeting microglia, including minocycline or liposome clo-
dronate, have been shown to effectively alleviate nicotine-
induced allodynia [50]. Furthermore, investigations into the
inflammatory response triggered by spinal cord injury have
identified distinct microglial subgroups, categorized as either
classically activated (M, phenotype) or alternatively activated
(M, phenotype) [29,56]. Analogous to macrophages, the M,
phenotype exhibits heightened expression of TNF-a, IL-1,
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IL-6, and IFN-y, which are implicated in NP or osteoarthri-
tis progression. Conversely, the M, phenotype displays aug-
mented anti-inflammatory properties [56,57]. In our current
study, we discovered that MLT decreased the release of inflam-
matory factors like TNF-a, IL-1f, IL-6, and IFN-y, which are
typically orchestrated by M, -like microglia. Simultaneously, it
promoted the polarization of microglia toward the M, pheno-
type. This suggests that MLT achieves a reduction in inflam-
mation by effectively inhibiting the polarization of microglia
toward the inflammatory M, phenotype.

The cGAS-STING pathway has taken center stage as a key
regulator of inflammatory disorders, such as infection [58] and
brain damage [59]. A recent investigation has revealed that the
microglial M, polarization triggered by LPS occurs simultane-
ously with the triggering of the cGAS-STING pathway. Especially,
blocking cGAS-STING signaling reduces the LPS-induced M,
polarization of microglia. In vivo experiments further demon-
strate that treatment with the antagonists of cGAS and STING
mitigates microglial M, polarization, thereby alleviating SNI-
induced mechanical allodynia [60]. We observed that both the
cGAS and STING protein were mainly noted in microglia and
their expression levels increased in the ACC after SNI, and MLT
reduced their expression markedly, suggesting that MLT’s inflam-
matory regulatory effect is mediated through the inhibition of
cGAS-STING signaling pathway. Previous research has indicated
that the cGAS-STING signaling pathway can trigger the canoni-
cal IRF3 phosphorylation pathway, which leads to the secretion
of type [ IFNs (IFN-a and IFN-p) as well as enhanced expression
of IFN-stimulated genes (ISGs) [61], and a noncanonical nuclear
factor kB (NF-xB) pathway for the expression of type Il IFN (IFN-
v) and ISG [61-63]. We also found that the receptor for IFN-y is
predominantly expressed in neurons of the ACC, and MLT sig-
nificantly reduced the expression level of 2 ISGs, IFIT, and IFIT;,
which were up-regulated via SNI. From the RNA-seq and experi-
mental results, it could be seen that MLT reduced the IFN-y
response caused by SNI, so the changes in the expression of IFIT,
and IFIT; by MLT might be related to its modulation of IFN-y.
IFN-y is recognized for its ability to amplify microglia’s proin-
flammatory reactions in cases of pain, and it aids in synapse
elimination and nitric oxide liberation, ultimately disrupting
synaptic transmission and cognitive functions [64-67]. IFIT,
and IFIT,, members of the ISG family, play crucial roles in anti-
viral immune response, innate immunity mechanisms, and the
inflammatory response [68,69]. Collectively, the above results
suggest the potential mechanism by which MLT indirectly influ-
ences the activity of ACC pyramidal neurons via the immune-
inflammatory pathway.

In conclusion, our research sheds light on the dual effects
of MLT on neurons and microglia, enhancing our comprehen-
sive understanding of its analgesic mechanisms in NP. The find-
ings uncover a novel neuro-immune regulatory mechanism
mediated by MLT in the ACC, which is pivotal in regulating
NP in mice. This study also represents an important step for-
ward in informing the development of innovative therapeutic
approaches for chronic pain and its associated symptoms.

Materials and Methods

Animals

Male mice (6 to 8 weeks) from 2 strains, C57BL/6] and GAD67-
GFP (C57 genetic background), were utilized. Unlimited access
to food and water as well as environmentally controlled conditions
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(12-h light/dark cycle, stable temperature of 22 + 1 °C, and humid-
ity maintained at 60 + 5%) were provided for all animals. It is
crucial to emphasize that strict ethical guidelines for pain research
were followed, and the experimental protocols applied in the pres-
ent study were approved by the Ethics Committee on Animal
Application for Research and Education of the Fourth Military
Medical University and the Administrative Panel on Laboratory
Animal Care at the National Institute of Biological Sciences.

Drugs

MLT (CAS No.: 73-31-4, MedChemExpress) was dissolved in
a solution comprising dimethyl sulfoxide (D2650, Sigma) and
0.9% saline, and then administered intraperitoneally at varying
doses (0.1, 0.3, 1, 3, 10, and 1.114 mg/kg). 8-M-PDOT (CAS
No.: 134865-70-6, MedChemExpress), 4-P-PDOT (CAS No.:
134865-74-0, MedChemExpress), and Ramelteon (CAS No.:
196597-26-9, MedChemExpress) were dissolved in a solution
of 0.9% saline.

Spared nerve injury

The surgical procedures were conducted in compliance with
previously published protocols [5]. To put it briefly, mice were
anesthetized using 2% isoflurane. The skin and a segment of the
biceps femoris muscle in the left thigh were carefully incised to
expose 3 terminal branches of the sciatic nerve. Specifically, the
tibial nerve and the common peroneal nerve were securely tied
off using 6-0 silk sutures and then severed just below the ligation
point. Following this ligation and transection, the stump of nerve
fiber was gently returned to the place where it should be, and
the incision in the muscle and skin was sutured in 2 distinct
layers to ensure proper closure. In contrast, the sham mice
underwent a surgical procedure solely to expose the left sciatic
nerve branches, without inflicting any injury to the nerves.

Measurement of the mechanical PWMT

PWMT of the hind paw with surgical or sham operation was
assessed using a comprehensive series of von Frey filaments
(Stoelting Company, Wood Dale, USA) during the same period
of the day (from 14:00 to 16:00), following established method-
ologies from previous studies [29,70]. In brief, mice were placed
in customized metal mesh grids (7 X 7 X 10 cm’) and enclosed
in a transparent engineering plastic cover for a 30-min acclima-
tization period before PWMT tests. The assessments were
conducted at baseline (day 0), days 1 to 6, and following
intraperitoneal injection of MLT after SNI/saline treatment.
After the mice became accustomed to the environment, a
diverse range of filaments with graduated strengths (0.008, 0.02,
0.04, 0.16, 0.4, 0.6, 1, and 1.4 g), equivalent to escalating forces
(0.078, 0.196, 0.392, 1.568, 3.92, 5.88, 9.8, and 13.72 mN), were
vertically applied to determine the PWMT. This threshold was
defined as the minimum bending force required to trigger a with-
drawal response in 3 of 5 stimulation attempts.

Primary culture of microglia

Primary microglial, according to previous studies, were extracted
from newborn C57BL/6] mice [71,72]. Briefly, newborn mice
were cleansed with 75% alcohol; subsequently, their entire brains
were extracted and finely chopped in precooled phosphate-
buftered saline (PBS). Later, the cortical tissue was subjected to a
20-min digestion with trypsin (0.25%). After centrifugation and
resuspension, the samples were digested with deoxyribonuclease
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I at 37 °C to obtain a single-cell suspension. Subsequently, these
individual cells were seeded onto poly-D-lysine-coated flasks and
incubated for 14 d. To isolate microglial cells from the mixed glial
cultures, the flasks were shaken at 180 rpm for 3 h.

Immunofluorescent staining

Mice were deeply anesthetized with 2% isoflurane and then per-
fused immediately with 50 ml of 0.9% saline. When 0.9% saline
is exhausted, 100 ml of 0.1 M phosphate buffer (PB) containing
4% paraformaldehyde was followed quickly. After perfusion
ended, the brains were extracted gently and immersed rapidly
in 0.1 M PB mixed with 30% sucrose at 4 °C overnight. The next
day, the brains were sliced into consecutive 30-pm-thick fron-
tal sections with a freezing microtome (Kryostat 1720; Leitz,
Mannheim, Germany). These sections were systematically col-
lected and washed with PBS (0.01 M, pH 7.4). Subsequently, the
sections were soaked in PBS mixed with Triton X-100 (0.3%)
and normal goat serum (NGS; 1%) for half an hour.

For MT,R/NeuN/Iba-1/GFAP (glial fibrillary acidic protein)
immunofluorescence staining, the selected brain sections
were incubated with rabbit anti-MT,R (#AMR-032, 1:200;
Alomone, Jerusalem Biopark, Israel), mouse anti-NeuN (1:500;
MAB377, MerckMillipore), goat anti-Iba-1 (1:200; ab5076,
Abcam, Cambridge, UK), and mouse anti-GFAP (1:4,000;
MAB3402, MerckMillipore, Massachusetts, USA) antibodies.
For MT,R/CaMKII, sections were incubated with mouse anti-
CaMKII (1:100, ab22609, Abcam) and rabbit anti-MT,R anti-
bodies. For cGAS/Iba-1 and STING/Iba-1, sections were incubated
with goat anti-Iba-1 and rabbit anti-cGAS (1:150; NBP3-16666,
Novus, Colorado, USA) and rabbit anti-STING (1:50; ab288157,
Abcam) antibodies. For IFNyYR/IFIT,/IFIT;/NeuN, sections
were incubated with mouse anti-NeuN and rabbit anti-IFN
gamma receptor beta/AF-1 (1:500, ab224197, Abcam), rabbit
anti-IFIT, (1:200; abs116420, Absin, Shanghai, China), and rabbit
anti-IFIT; (1:200; abs116420, Absin, Shanghai, China) antibodies.
All antibodies were diluted in PBS containing 5% NGS, 0.3%
Triton X-100, 0.05% NaNj, and 0.25% carrageenan (PBS-NGS,
pH 7.4) overnight at 4 °C.

After incubation, the sections were rinsed and exposed to
fluorophore-conjugated secondary antibodies (1:200, Invitrogen,
ThermoFisher, CA, USA) at room temperature for 4 to 6 h. In
the end, all sections were mounted on glass slides and inspected
utilizing a laser scanning confocal microscope (FV1000, Olympus,
Japan) or a slide scanner (Slideview VS200, Olympus) equipped
with appropriate filters.

RNA-seq and bioinformatics analysis

We extracted the total RNA from the ACC brain regions of mice
in the sham + saline group, SNI + saline group, and SNI + MLT
group, strictly following the instructions provided by the Trizol
reagent kit (Invitrogen). First, the quality of the extracted RNA was
evaluated using an Agilent 2100 Bioanalyzer (Agilent Technologies,
Palo Alto, CA, USA) and further verified through ribonuclease
(RNase)-free agarose gel electrophoresis. Subsequently, eukaryotic
mRNA was enriched utilizing oligo(dT) beads. The enriched
mRNA was then fragmented using a specific buffer and reverse-
transcribed into cDNA with the assistance of random primers. The
synthesis of the second strand of cDNA was carried out using DNA
polymerase I, RNase H, deoxynucleotide triphosphate (ANTP),
and buffer. Afterward, the cDNA fragments were purified using
the QiaQuick polymerase chain reaction (PCR) extraction
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kit (Qiagen, Venlo, The Netherlands). These fragments then
underwent end repair, poly(A) tail addition, and ligation to
[lumina sequencing adapters. The ligation products were size-
selected via agarose gel electrophoresis, amplified using PCR, and
finally sequenced on the Illumina Novaseq6000 by Gene Denovo
Biotechnology Co. (Guangzhou, China).

To identify DEGs, the “limma” R package was applied with
a significance threshold of P < 0.05 and [log, fold change| >
1.2. Visualization was achieved using the renowned R packages
“ggplot2” and “pheatmap” [73]. WGCNA with the correspond-
ing R package was performed to construct scale-free coexpres-
sion networks specific to MLT intervention [74]. To begin with,
hierarchical clustering analysis helped filter out discrete cases.
An optimal soft power b was then chosen to create the weighted
adjacency matrix, later transformed into a topological overlap
matrix (TOM). This TOM included module assignments rep-
resented by colors and module eigenvectors (MEs). Moreover,
Pearson correlation coeflicients were analyzed to determine the
relationship between ME and MLT intervention. Hub genes
were selected from the module most relevant to MLT interven-
tion in WGCNA, based on criteria of gene significance (GS) >
0.25 and module membership (MM) > 0.7. Genes related to
both SNI and MLT were identified by intersecting hub genes
and DEGs, visualized using a Venn diagram.

To further investigate the biological mechanisms associated
with the hub DEGs obtained by intersection, the R packages
“clusterProfiler” and “org.Mm.eg.db” were then utilized to per-
form GO, KEGG, and Reactome enrichment analyses with
q value < 0.05 as the threshold for significant enrichment [74].
The raw sequence data reported in this paper have been depos-
ited in the Genome Sequence Archive in National Genomics
Data Center, China National Center for Bioinformation/Beijing
Institute of Genomics, Chinese Academy of Sciences (GSA:
CRA018099) that are publicly accessible at https://ngdc.cncb.
ac.cn/gsa.

Western blotting

Mice were euthanized under deep anesthesia using 2% isoflu-
rane, and the entire brains were swiftly extracted. The ACC was
extracted and uniformly mixed using an automated rapid sam-
ple homogenizer (Jingxin industry, Shanghai, China) in sodium
dodecyl sulfate (SDS) sample buffer. Subsequently, all the sam-
ples were heated with water bath at 100 °C for a duration of
10 min, loaded onto gels, and separated via electrophoresis on
10% SDS-polyacrylamide gels utilizing standard Laemmli solu-
tions (Bio-Rad Laboratories, CA, USA). The proteins were
then blotted onto a polyvinylidene difluoride membrane
(Immobilon-P, Millipore, Hayward, CA, USA). Next, the mem-
branes were immersed in a blocking solution for 1 h, followed
by overnight incubation under gentle agitation with primary
antibodies: rabbit anti-MT,R (#AMR-031, 1:800; Alomone,
Jerusalem Biopark, Israel), rabbit anti-MT,R (#AMR-032, 1:800;
Alomone), rabbit anti-PKA (1:1,000; ab75991, Abcam), rabbit
anti-pCREB (1:1,000; 9198, Cell Signaling Technology, USA),
rabbit anti-CREB (1:1,000; 9197, Cell Signaling Technology), mouse
anti-CD16/32 (1:800; 553141, BD Pharmingen, USA), mouse
anti-iNOS (1:1,000; ab49999, Abcam), mouse anti-ARG-1
(1:1,000; 93668S, Cell Signaling Technology), rabbit anti-cGAS
(1:500; NBP3-16666, Novus, Colorado, USA), rabbit anti-
STING (1:500; ab288157, Abcam), or rabbit anti-IFIT, (1:800;
ab236256, Abcam) and rabbit anti-IFIT, (1:800; abs116420,
Absin, Shanghai, China). After that, we applied horseradish
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peroxidase (HRP)-conjugated secondary antibodies to detect pri-
mary antibodies, specifically anti-rabbit (1:5,000; ZB-2301,
ZSGB-BIO, Beijing, China) or anti-mouse (1:5,000; ZB-2305,
ZSGB-BIO). Visualization of all reactions was achieved through
the enhanced chemiluminescence (ECL) detection technique,
and the intensities of the protein bands were quantified using
Labworks Software (Ultra-Violet Products, UK).

ELISA measurement of IL-6, IL-1p, TNF-a, and IFN-y

in primary microglia and ACC tissue

Primary microglia and ACC samples underwent homogeniza-
tion in physiological saline via an automated rapid sample
homogenizer, followed by centrifugation at 1,000g for 10 min
in a low-temperature high-speed centrifuge maintained at
—4°C. The processed samples were then aliquoted and preserved
at —80 °C for future examination.

For cytokine quantification, we employed mouse IL-6, IL-1f,
TNF-a, and IFN-y Valukine ELISA Kits from BioTechne (USA),
adhering strictly to the manufacturer’s guidelines. The cytokine
levels were determined using an EnSpire Multimode Plate Reader
provided by PerkinElmer (USA).

Whole-cell patch-clamp recordings

The experimental procedures were carried out in accordance
with a predefined protocol [28,29]. Concisely, mice were anes-
thetized and followed by sacrifice through decapitation. Using
avibrating microtome (Leica VT 1200s, Heidelberger, Nussloch,
Germany), transverse slices (300 pm thick) encompassing the
ACC were precisely cut at temperatures ranging from 0 to
4 °C. This was done in oxygenated artificial cerebrospinal
fluid (ACSF; 95% O, and 5% CO,) composed of 124 mM
NaCl, 25 mM NaHCO;, 10 mM glucose, 2.5 mM KCI, 1 mM
NaH,PO,, 2 mM CaCl,, and 1 mM MgSO,. After cutting, the
slices were moved to a recovery chamber maintained at room
temperature and filled with oxygenated ACSF. The slices were
then incubated at room temperature for 1 h prior to patch
clamp recording.

Neurons were visualized with a microscope featuring infra-
red differential interference contrast or fluorescent optics video
microscopy (Olympus BX51WI). Recordings were made in
voltage-clamp or current-clamp modes using an Axon 700B
amplifier (Molecular Devices, USA), and data were captured
via Clampex software (Molecular Devices). In current-clamp
mode, recording pipettes (3 to 5 MQ) were filled with an inter-
nal solution (adjusted to pH 7.2 with KOH, 290 mOsmol)
containing 124 mM K- gluconate, 10 mM HEPES, 10 mM phos-
phocreatine disodium, 5 mM NaCl, 2 mM MgATP, 1 mM
MgCl,, 0.2 mM EGTA, and 0.1 mM Na,GTP. The firing patterns
of ACC neurons were documented by recording action poten-
tial trains triggered by intracellular injection of gradient current
(=100 to 200 pA, interval 25 pA, 400 ms). The first (supra-
threshold) action potential was induced by intracellular
injection of depolarizing currents, starting from 0 pA and
incrementing by 5 pA (30ms). For EPSC and IPSC recording,
the pipette solution (adjusted to pH 7.2 with CsOH, 290 mOs-
mol) comprised 112 mM Cs-gluconate, 10 mM HEPES, 5 mM
TEA-CI, 5 mM QX-314, 3.7 mM NaCl, 2 mM MgATP, 0.3 mM
Na,GTP, and 0.2 mM EGTA. EPSCs were captured with the
cell membrane potential maintained at —70 mV, while
IPSCs were recorded at 0 mV. Except for y-aminobutyric acid
(GABA)-related current recordings, all experiments were
conducted with the application of picrotoxin (Sigma-Aldrich)
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in the bath (100 pM). A bipolar stimulation electrode linked
to an isolation current stimulator (Natus Medical Incorporated,
Canada) was utilized for eEPSC/eIPSC experiments at 20-pA
intensity. The stimulus-generated eEPSC amplitude to eIPSC
amplitude ratio was computed as the E/I ratio. The initial access
resistance was between 15 and 30 MQ and continuously moni-
tored. It was worth noting that data were discarded if the access
resistance varied by >15% during the present experiment. The
data were filtered at 1 kHz and digitized at 10 kHz. All whole-
cell patch data analyses were conducted using the Mini Analysis
Program (Synaptosoft, USA) and Clampfit 10.2.

Statistical analysis

All experiments and data analyses in the present study were
conducted in a strictly blinded manner. For statistical evalua-
tions and graph creation, we utilized GraphPad Prism
(version 9.5.1). Additionally, bioinformatic assessments and
visualizations were performed with R (version 4.3.2). Regarding
the calculation of ED,, concentration of MLT, the adminis-
tered doses of MLT, whether through intraperitoneal injec-
tion or microinjection, were converted to logarithmic scales.
Subsequently, a nonlinear regression model was employed to
generate a dose—effect curve, which was then leveraged to ascer-
tain the ED, value. The ED signifies the median effective dose
necessary to elicit an analgesic response. To determine statistical
significance, we used paired or unpaired ¢ tests, 1-way or 2-way
analysis of variance (ANOVA), and 2-way repeated-measures
ANOVA, with subsequent Holm-Sidak test for post hoc com-
parisons. Experimental data are shown as mean + SEM, with
statistical significance set at P < 0.05.
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