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Objective: Chronic pain following burn injury represents a formidable challenge in analgesic management, as the complex interplay
and dynamic nature of multiple neural mechanisms underlying abnormal hyperalgesia renders its resolution exceptionally problematic.
The G protein-coupled estrogen receptor (GPER) located within the rostral ventromedial medulla (RVM) has been recognized as a
critical element in regulating descending pain signal transmission throughout the brain. Nevertheless, the precise underlying mechan-
isms remain insufficiently elucidated. This investigation examined GPER function in chronic pain modulation and its role in pain
rehabilitation.

Methods and Results: A murine model of burn injury-induced chronic pain was employed, wherein nociceptive paw withdrawal
reflexes to both thermal and mechanical stimuli were evaluated. In contrast to mice exhibiting pain resolution, a subset displaying
sustained or stimulus-evoked reductions in pain threshold developed a persistent pain phenotype. Notably, prolonged hyperalgesia
post-burn injury was associated with GPER activation. GPER-immunoreactive neurons were found to be co-localized with activated
protein kinase C (PKC) and p-opioid receptor (MOR) in murine tissues. Moreover, in mice with persistent pain, phosphorylation of
MOR—facilitated by activated PKC rather than GRK 2/3—was implicated in GPER-dependent nociceptive allodynia, a process
effectively reversed by selective PKC inhibition. In these animals, attenuation of PKC activation significantly elevated the pain
threshold by inhibiting MOR phosphorylation.

Conclusion: These findings highlight the involvement of GPER-dependent PKC-mediated MOR phosphorylation in RVM during
postoperative chronic pain development. These insights may contribute to an enhanced understanding of chronic pain’s fundamental
mechanisms and suggest potential preventive approaches for analgesic interventions.
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Introduction

Patients experiencing burn injuries endure acute pain resulting not only from the initial trauma but also from subsequent
procedures such as debridement and grafting." The progression from acute to chronic pain is frequently attributed to
suboptimal analgesic efficacy, adverse psychological conditions, and inadequate infection control.>> The treatment of
chronic pain imposes a considerable financial burden and constitutes a pressing public health concern.** Opioids
continue to represent a primary and potent class of analgesics. However, their prolonged or repeated use—including
agents such as morphine, [D-Ala2, NMe-Phe4, Gly5-ol]-enkephalin (DAMGO), and fentanyl—has been associated with
diminished analgesic effectiveness, thereby significantly limiting their broader clinical utilization.®’ The mu-opioid
receptor (MOR), classified within the G protein-coupled receptor superfamily, is the principal mediator through which
opioids exert their analgesic properties.® Evidence suggests that MOR desensitization constitutes a core mechanism
responsible for both reduced analgesic efficacy and the onset of opioid tolerance.’'® Endocytic trafficking plays a pivotal
role in the desensitization of MOR. Following activation, MORs are internalized from the plasma membrane into the

cytoplasm, where they are either inactivated via lysosomal degradation or recycled back to the membrane in a reactivated
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state to resume functionality.'' Thus, elucidating the mechanisms of MOR desensitization is essential for the develop-
ment of effective therapeutic interventions aimed at alleviating chronic pain.

The rostral ventromedial medulla (RVM) serves as a neuroanatomical nexus within the brain’s endogenous analgesic
circuitry, mediating descending projections from the periaqueductal gray (PAG) to spinal cord laminae I-V. As the final
integrative center of supraspinal nociceptive control networks, the RVM coordinates the bidirectional modulation of spinal
nociceptive transmission.'? This dual regulatory capacity has been attributed to the activation of functionally distinct ON and
OFF neurons—pronociceptive and antinociceptive, respectively—which differentially influence pain signaling.'® Prior
investigations have identified the G protein-coupled estrogen receptor (GPER) as a key modulator of cellular activity in the
RVM, implicated in the facilitation of nociceptive signal propagation.'* GPER, recognized for its involvement in the rapid,
non-genomic responses to estrogen, has been characterized as a “non-classical” estrogen receptor localized on the cellular
membrane.'® Experimental data have revealed that mechanical and thermal hyperalgesia induced by estrogen is elicited by
selective GPER agonists and effectively attenuated by GPER knockdown.'*'® Moreover, GPER inhibition has been demon-
strated to significantly augment opioid analgesia while postponing the emergence of morphine tolerance.'® Findings further
suggest that GPER activity within the RVM enhances MOR phosphorylation, thereby maintaining nociceptive
hypersensitivity.'” Nevertheless, the precise molecular mechanisms that govern the interaction between GPER and MOR
remain inadequately explored, particularly in contexts of chronic pain arising from unknown etiologies.

Several studies have examined the mechanisms responsible for MOR desensitization triggered by either heterologous
or homologous opioids, attributing this process to receptor internalization and phosphorylation.'®!'? Recent evidence has
indicated that MOR phosphorylation is facilitated by GPER activation via the activation and subsequent translocation of
PKC in human neuroblastoma SH-SY5Y cells.?’ Additionally, G-protein-coupled receptor kinase (GRK) has been
reported to increase its affinity for p-arrestin-2, thereby initiating receptor endocytosis.*'*** In light of these observations,
the present study was designed to further elucidate the molecular mechanisms underlying MOR desensitization in the
context of chronic pain.

Despite the widespread incidence of burn injury-associated pain, its underlying mechanisms remain insufficiently
characterized, and preclinical investigations have been relatively limited. In the present study, the hypothesis that GPER
contributes to chronic postoperative pain by modulating PKC and promoting subsequent PKC-dependent MOR phos-
phorylation was evaluated. A burn-induced operative pain model was initially established. Thereafter, GPER expression
in the RVM was examined using immunofluorescence staining and Western blot (WB) analysis. The co-localization of
GPER-immunoreactive neurons with specific PKC isoforms and MOR was further assessed via immunofluorescence
staining. In functional assays, GPER activation by G1, inhibition by G15, and PKC silencing using Staurosporine (STS)
were utilized to determine their respective impacts on MOR phosphorylation and internalization, antinociceptive efficacy,
and the transition to chronic pain. These results yield novel perspectives on postoperative pain regulation and establish a
foundational experimental framework for developing clinically applicable approaches to chronic pain management.

Methodologies and Material

Animals

The 8-10-week-old adult male C57BL/6J mice (Sipeifu Biotechnology Co., Ltd)., weighing between 20 and 25 g, were
utilized in the experiments. The animals were maintained under a controlled 12-hour light/dark cycle at a constant
temperature of 22-25 °C. All rodents were acclimated for 7 days prior to experimentation, with unrestricted access to
autoclaved chow and UV-treated water. All experimental protocols involving mice received formal approval from the
Jiangnan University Institutional Animal Care and Use Committee (IACUC, No. 20151216-0229) and were executed in
full accordance with the approved Animal Care and Use Protocols. In addition, all procedures related to animal handling
were authorized by the Institutional Animal Ethical and Welfare Committee of Jiangnan University (Wuxi, China).

Burn Injury-Inducing Pain Model
Under anesthesia induced by phenobarbital (75 mg/kg), the right hind paw of each mouse, disinfected with iodophor, was
exposed to a 65 °C metal plate for 10s. For the sham procedure performed on naive mice, the right hind paws were placed
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on a metal plate at room temperature for an identical duration. The resulting wound was treated with antibiotic ointment
for seven consecutive days. A homoeothermic platform was employed to maintain body temperature at 37 °C until
spontaneous recovery of consciousness occurred.

Behavioral Test

Nociceptive paw withdrawal responses to both thermal and mechanical stimulation were evaluated. Prior to each test, mice
were acclimated to the testing environment for 30 min. To assess burn injury-induced mechanical allodynia, paw withdrawal
thresholds (PWT) were measured using an electronic von Frey test (IITC Life Science, NC12775). The PWT was determined
using the “up-and-down” method. A von Frey filament was applied to the right posterior paw and held near the injury site for
6-8 s. This stimulation was repeated three times at S-minute intervals. To evaluate thermal pain sensitivity, mice were placed
on a hot plate maintained at 55 °C. Paw withdrawal latency (PWL) in response to foot licking, foot retraction, or jumping was
recorded as the thermal nociceptive threshold. Each trial was conducted three times with 2-minute intervals between tests. To
avoid tissue damage, mice were removed from the thermal stimulus apparatus after 25s. Inflammation severity was assessed
by measuring hind paw thickness using electronic vernier calipers.

Conduct Cannula Implantation for Microinjection

Mice were anesthetized with phenobarbital (75 mg/kg) and immobilized in a stereotactic frame (SR-6 N, Japan), with the
cephalic region maintained in the anatomical neutral plane. The surgical field, extending from the posterior orbital ridges
to the occipital protuberances, was aseptically prepared using sterile electric clippers. Sequential skin disinfection was
carried out by three consecutive applications of 10% povidone-iodine solution.

Following exposure of the skull to identify the bregma, a small opening was carefully drilled to allow insertion of the
implanted cannula into the RVM, in accordance with predetermined coordinates: 5.88 mm posterior to bregma and precisely
aligned with the midline (0 mm). Additionally, two small holes that did not penetrate the skull were made adjacent to the initial
drilling site. The depth of the implanted portion of the injection cannula was adjusted to 5.7 mm. The cannula was inserted
vertically into the mouse brain through the prepared opening to minimize displacement and motion. Screws were carefully
turned into the auxiliary holes on both sides. The microinjection cannula was then securely affixed using screws and dental
cement. Surgical sites were disinfected with a povidone-iodine solution. Mice were subsequently placed on a thermostatic
platform to facilitate awakening and recovery. The health status of each mouse was monitored closely.

Experimental Grouping and Microinjection

The mice were classified into distinct cohorts—naive, pain recovery, and pain persisting—based on PWT and PWL
measurements obtained between days 14 and 16 following burn injury, in accordance with a previous report.'” Under
identical experimental conditions, a subset of mice subjected to burn injury developed a pain persisting state, character-
ized by nociceptive allodynia. Compared with the pain recovery cohort (n = 10), mice in the pain persisting cohort (n =
10) exhibited a persistently decreased pain threshold from days 14 to 20 post-burn injury.

The implantation cannula was employed for microinjection prior to the burn injury. Drug preparation and adminis-
tration were conducted in accordance with previously published protocols.® The compounds included G1 (GPER
agonist, 0.2 pg/ul., 1 uL), G15 (GPER antagonist, 1.8 pg/ul, 1 uL), and STS (PKC antagonist, 2.3 pg/uL, 1 uL), each
dissolved in dimethyl sulfoxide (DMSO) and delivered at a rate of 40 nl/min via the implantation cannula once daily
from days 16 to 17. To investigate the role of GPER in the RVM during chronic pain, G1 was microinjected into the
RVM of mice in the pain recovery cohort (n = 10), while G15 was administered to those in the pain persisting group (n =
10). Additionally, STS was microinjected into pain recovery mice (n = 10); co-administration of STS and G1 was
performed in another pain recovery group (n = 10); and STS was also administered to pain persisting mice (n = 10). All
procedures and treatment groupings are summarized in Table 1.

Sample Preparation
After behavioral testing on day 20, the animals were deeply anesthetized with sodium pentobarbital (75 mg/kg) and
subsequently euthanized. Thereafter, RVM tissues were extracted from the brain. Samples designated for WB analysis
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Table | Treatment in 10 Cohorts in This Study

Group Treatment

Naive Sham burn

Pain recovery Burn injury is distinguished by recovering pain threshold
Pain persisting Burn injury distinguished by low pain threshold

Pain recovery + DMSO | Implant cannula and microinject DMSO (I pL) into RVM in pain recovery

Pain recovery + Gl Implant cannula and microinject GI (0.2 pg/pL,1 pL) in RVM in pain recovery

Pain persisting + DMSO | Implant cannula and microinject DMSO (I pL) into RVM in pain persisting

Pain persisting + G5 Implant cannula and microinject G15 (1.8 pg/uL,| pL) into RVM in pain persisting

Pain recovery + STS Implant cannula and microinject STS (2.3 pg/pL,| pL) into RVM in pain recovery

Pain recovery + STS+G1 | Implant cannula and microinject STS (2.3 pg/ulL,IuL) + GI(1.8 pg/uL, lulL) into RVM in pain recovery

Pain persisting + STS Implant cannula and microinject STS (2.3 pg/uL,| pL) into RVM in pain persisting

were rapidly frozen in liquid nitrogen and stored at —80 °C. For immunofluorescence imaging, tissue specimens under-
went transcardial perfusion through the ascending aorta with saline, followed by fixation using 40 g/L paraformaldehyde
dissolved in pre-chilled sodium phosphate dibasic buffer (4 °C, pH 7.4).

WB Analysis

Fresh RVM samples were procured and immersed in RIPA buffer containing protease and phosphatase inhibitors to
enable total protein extraction. Membrane proteins were isolated using a membrane protein extraction kit (Proteintech,
USA) in accordance with the manufacturer’s protocol. Protein denaturation was performed by adding loading buffer
(Proteintech, USA), followed by boiling at 100 °C for 10 min. Subsequently, protein samples were separated via 10%
SDS polyacrylamide gel electrophoresis and electrophoretically transferred onto pre-activated 0.45 pm PVDF mem-
branes (Millipore, USA). After blocking with either 5% BSA or 5% nonfat dried milk for 2 h, the membranes were
incubated overnight with specific primary antibodies against GPER (1:1000, Novus), MOR (1:1000, Santa Cruz
Biotechnology), p-MOR (1:1000, Signalway Antibody), PKC a (1:1000, Abcam), PKC ¢ (1:1000, Proteintech),
p-PKC (1:1000, Abcam), GRK2 (1:2000, Immunoway), GRK3 (1:2000, Immunoway), and f-actin (1:1000, Cell
Signaling Technology). Subsequently, HRP-conjugated anti-rabbit or anti-mouse secondary antibodies (Cell Signaling
Technology) were applied. Following secondary antibody incubation, immunoreactive bands were visualized using the
TANON chemiluminescence bioimaging platform (2500B, TANON Science, China). Band intensity measurements were
quantified using ImageJ software (NIH), with normalization to B-actin as the loading control.

Immunofluorescence Staining

The mice were deeply anesthetized with phenobarbital sodium (75 mg/kg) and subsequently subjected to transcardial
perfusion with PBS, followed by paraformaldehyde. The brain was then extracted, post-fixed in the same fixative, and
immersed in 30% sucrose for cryoprotection. RVM tissues were sectioned into 16 um-thick slices and blocked for 1 h.
Each tissue section was sequentially incubated with a primary antibody (GPER, 1:200, Proteintech; MOR, 1:200, Santa
Cruz Biotechnology; PKC a, 1:200, Proteintech; PKC ¢, 1:200, Proteintech), followed by a secondary antibody.
Fluorescence images were subsequently acquired using a Zeiss Axio Imager 2 microscope.

Statistical Analysis

Data processing and statistical analyses were performed using GraphPad Prism 9.5 (GraphPad Software). Experimental
data are expressed as mean + SEM. Behavioral test results were analyzed via two-way repeated measures ANOVA,
followed by Bonferroni post hoc tests. For comparisons involving multiple groups, one-way ANOVA was employed with
the Tukey post hoc test. For two-group comparisons, a two-tailed unpaired Student’s #-test was utilized. Statistical
significance was defined as a p-value less than 0.05.
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Results
Increased Sensitivity of Response to Non-Injurious Stimulation in the Mice of Pain
Persisting Cohorts

With the growing recognition of the importance of burn wound care, the management of burn-associated pain has
emerged as a central component of treatment strategies.”* Therapeutic intervention for chronic pain remains particularly
challenging due to its intensity and prolonged duration, further complicated by the development of tolerance, dose
escalation, and the considerable risk of opioid dependence.”>*® To investigate the mechanisms underlying persistent
postoperative pain, a burn-induced pain model was employed to simulate the transition from acute to chronic pain states.
Prior to the induction of the burn injury model, assessments of thermal and mechanical pain thresholds in mice, measured
using von Frey and hot plate tests, revealed no statistically significant differences among the three experimental cohorts.
However, a pronounced reduction in pain threshold was observed one-day following burn injury when compared with
naive mice (Naive vs Pain persisting: PWT: P < 0.0001, PWL: P < 0.05; Naive vs Pain recovery: PWT: P < 0.0001,
PWL: P < 0.05; Figure 1A and B). Between days 3 and 10 post-injury, the mice exhibited persistently low pain
thresholds in response to non-noxious mechanical and thermal stimuli. A progressive increase in pain threshold was
noted in the majority of mice beginning on day 10, with complete restoration to baseline levels occurring between days
14 and 18 post-injury. These mice ultimately demonstrated no significant difference from naive controls and were
classified as the pain recovery cohort. In contrast, a subset of mice transitioned into a persistent pain state, as evidenced
by sustained reductions in both PWT and PWL through day 18 following burn injury, compared with the pain recovery
group. These mice, which exhibited prolonged hyperalgesia, were designated as the pain persisting cohort. Meanwhile,
naive mice subjected to repeated mechanical and thermal stimuli over the 18-day period displayed no significant changes
in pain threshold (P > 0.05, Figure 1A and B).

The overall healing trajectory of the right paw wound in both the pain recovery and pain persisting cohorts followed a
largely comparable pattern across various time points (Figure 1D). Moreover, swelling in the right hind paw exhibited a
similar trend between the two cohorts, with paw thickness significantly increasing on day 3 and subsequently returning to
baseline levels consistent with those of naive mice by day 16 (P > 0.05, Figure 1C). In addition, identical physiological
skin architecture, as visualized by hematoxylin-eosin staining, was observed in both the pain recovery and pain persisting
cohorts (Figure 1E).

Phosphorylation and Internalization of MOR Were Elevated in Pain Persisting Mice
Immunoblotting analysis revealed a significant downregulation of MOR expression in both the pain recovery and pain
persisting cohorts compared with naive mice (Pain recovery vs Naive, P <0.01; Pain persisting vs Naive, P <0.001; Figure 2A
and B). Subsequently, immunofiuorescence staining was employed to evaluate MOR-positive neuronal activation in the RVM
across distinct pain states (Figure 2D). Consistently, the naive cohort exhibited a substantially higher number of MOR-
expressing neurons than both the pain recovery and pain persisting groups (Pain recovery vs Naive, P <0.001; Pain persisting
vs Naive, P <0.0001; Figure 2E). In alignment with previous findings on MOR phosphorylation in chronic pain,'” an elevated
level of MOR phosphorylation was detected in the pain persisting cohort (Pain persisting vs Naive, P < 0.01; Pain persisting vs
Pain recovery, P < 0.0001; Figure 2C), indicating the involvement of MOR phosphorylation in the transition from acute to
chronic pain. Moreover, MOR localization at the plasma membrane was significantly increased in pain persisting mice
compared with both naive and pain recovery cohorts (P < 0.05; Figure 2F—G), suggesting that impaired MOR internalization
may contribute to the persistence of chronic pain.

GPER Expression and PKC Expression Were Enhanced During Persisting Pain Induced
by Burn Injury

The RVM plays a central role in descending pain modulation within the CNS and has been closely associated with the
onset and progression of hyperalgesia.”’ As previously reported,'” GPER in the RVM acts as a critical regulator in the
development of chronic pain. To further examine its expression across experimental cohorts, immunoblotting was
performed (Figure 3A). The results demonstrated that GPER activation was significantly increased in pain persisting
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Representative WB bands illustrating the expression levels of MOR and p-MOR of mice subjected to different pain manifestations (MW: p-MOR, 75 kDa; MOR, 55 kDa;
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Abbreviation: ns, no statistical difference.

Journal of Pain Research 2025:18 hetps: 3865



Zhu et al

Naive Pain recovery Pain persisting

GPER [ e s o o o gy oo 0 |

*kk
PKC—aI--—-—---‘I 154 Mk
PO | e o e - |
g L
-
&
p-PKC’--—-——---I E
& 0.5
] 0.5
GRK2 |—-——-——————|
—_— 0.0~
GRK3 B —— — — — — y
é&.\ A?'d .$°
& é‘a‘
B-actin \— —— . W ——— —‘ Qt'»& Q,;,s“q
C D - E *kk F
*okkok 1 1
1 ns skkkk ns  kkk ns
15+ ns kkskk 159 T 1 —
15 ns ns
-} £
bt 1 =
T k-
g_ & g 1.0
< (&} -9
Q X S
< & X
A & gos
0.0
&8 Q3
« @“ﬁ @@\é\e
<
&
G H
ns
Naive Pain recovery Pain persisting
15 ns ns
membrane PKC o | gy g e O |
=
£ 10
z -
< membrane PKC ¢ | qus @S Summ g S ‘
2
5 0.5
Nak-ATPase [N -
0.0
&S
<« :e"" é,;é°
&

.
o

membrane PKC o/Na*-K*-ATPase
membrane PKC ¢/Na*-K*-ATPase

KN

Q‘b

Figure 3 Alterations in GPER, PKC, PKC membrane translocation, and GRK protein expression across different pain phenotypes. (A) Representative WB bands illustrating
the expression levels of GPER, PKCa, PKCe, p-PKC, GRK2, and GRK3 in the RVM of mice subjected to different pain conditions (MW: GPER, 42 kDa; PKCa, PKCg, and
p-PKC, 78 kDa; GRK2 and GRK3, 80 kDa; B-Actin, 42 kDa). (B—G) Quantitative analysis of GPER, PKCa, PKCe, p-PKC, GRK2, and GRK3 expression in the RVM across
different nociceptive profiles (n = 6). (H) Representative WB bands demonstrating the expression of PKCo and PKCe in the membrane compartment across different
nociceptive profiles. (I-J) Quantitative analysis of PKCa and PKCe expression in the membrane compartment (n = 6). *p < 0.05, **p < 0.01, **p < 0.001, ****p < 0.0001.

Abbreviation: ns, no statistical difference.

3866 "= Journal of Pain Research 2025:18



Zhu et al

mice on day 18 following burn injury, compared with both the naive and pain recovery cohorts (Pain persisting vs Naive,
P < 0.001; Pain persisting vs Pain recovery, P < 0.05; Figure 3B).
Although numerous studies have demonstrated that PKC plays an essential role in both inflammatory and neuropathic

d,28’29

pain within the spinal cor substantially less is known about its function in the brain with respect to pain processing

and analgesia. In line with previous findings on elevated PKC expression in the spinal cord of morphine-tolerant rats,>° a
significant upregulation of PKC o and PKC ¢ protein expression in the RVM was detected in pain persisting mice
subjected to burn injury (PKC a: P <0.0001; PKC &: P <0.0001; Figure 3C and D). Moreover, phosphorylation of PKC
(p-PKC) was also found to be elevated in the pain persisting cohort (P < 0.001; Figure 3E), indicating increased PKC
activation under chronic pain conditions. Subfractionation experiments further revealed a pronounced elevation in
membrane-associated PKC within the RVM of pain persisting mice, as compared to naive and pain recovery cohorts
(Pain persisting vs Naive: PKC a: P < 0.001, PKC &: P < 0.05; Pain persisting vs Pain recovery: PKC a: P <0.05, PKC «:
P < 0.01; Figure 3H-J), suggesting a translocation of PKC o and PKC ¢ from the cytosolic compartment to the
membrane during the development of chronic pain. Although GRK has been implicated in MOR phosphorylation and
nociceptive allodynia in previous studies,’! no significant differences in GRK2 or GRK3 expression were observed in the
pain persisting cohort compared to either the naive or pain recovery cohorts (P > 0.05; Figure 3F and G).

GPER-Positive Neurons Were Immunoreactive for MOR Neurons and PKC Neurons
The activation of GPER- and MOR-expressing neurons in the RVM under conditions of persistent pain was evaluated through
double immunofluorescence staining (Figure 4A). Partial colocalization of GPER with MOR in the RVM of pain persisting mice
was observed (Figure 4A). Moreover, the number of GPER " neurons in the pain persisting cohort was significantly higher than in
the other cohorts (Pain persisting vs Naive, P < 0.0001; Pain persisting vs Pain recovery, P < 0.01; Figure 4C). Additionally,
colocalization of GPER with PKC o and PKC ¢ was identified in the RVM of the pain persisting cohort, suggesting that GPER
may mediate PKC signaling in the RVM during chronic pain (Figure 4B). In agreement with PKC protein expression data,
immunofluorescence analysis revealed a substantial increase in the number of PKC 0" and PKC &' neurons in the pain persisting
cohort compared to the naive and pain recovery cohorts (Pain persisting vs Naive: PKC a: P <0.0001, PKC &: P <0.0001; Pain
persisting vs Pain recovery: PKC a: P < 0.001, PKC &: P <0.001; Figure 4D and E).

GPER Mediates the Activation of PKC, the Phosphorylation, and Internalization of
MOR in Mice

To further validate the role of GPER in the RVM during the development of chronic pain, cannula implantation was
carried out to enable microinjection of the agonist G1 or the inhibitor G15, thereby modulating GPER expression prior to
the induction of the burn model (Figure 5A).

The PWT and PWL of pain recovery mice treated with the GPER agonist G1 on days 16 and 17 post-burn injury began
to decline significantly on day 17 and remained at persistently low levels through days 17-20 (Figure 5B and C).
Additionally, MOR phosphorylation was elevated on day 20 in pain recovery mice administered G1 (Pain recovery +
DMSO vs Pain recovery + G1, P <0.01; Figure 5D and E), suggesting that GPER activation promotes MOR phosphoryla-
tion in the burn-induced pain model. Furthermore, no significant changes in the plasma membrane distribution of MOR
were observed following G1 administration compared to the Pain recovery + DMSO cohort (P > 0.05; Figure 51 and J). To
further assess the relationship between GPER and PKC in postoperative pain, immunoblot analysis revealed a significant
increase in PKC a and PKC ¢ expression in pain recovery mice treated with G1 compared to those treated with DMSO (Pain
recovery + DMSO vs Pain recovery + G1: PKC a: P < 0.01; PKC & P < 0.001; Figure 5D and E). Consistently,
immunofluorescence staining demonstrated a marked increase in PKC o and PKC €" neurons in the RVM of G1-treated
pain recovery mice on day 20 post-burn injury (Pain recovery + DMSO vs Pain recovery + G1: PKC a: P <0.0001; PKC &:
P < 0.001; Figure SF-H). Additionally, phosphorylation of PKC was significantly elevated in G1-treated pain recovery
mice (P <0.05; Figure 5D and E). An increase in the plasma membrane distribution of PKC a and PKC & was also observed
following G1 administration (P <0.05; Figure 51 and J). However, no significant differences in GRK expression in the RVM
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were detected after G1 treatment (P > 0.05; Figure 5D and E), indicating that GPER does not regulate GRK expression in
the development of chronic pain.

The effects of GPER" neuron inhibition in the RVM were examined through G15 administration in a chronic pain
model. Following G15 treatment via implantation cannula in the pain persisting cohort on days 16 and 17, significant
increases in PWT and PWL were observed from days 17 to 20 compared with DMSO treatment (Figure 6A and B),
suggesting that GPER inhibition elevates the pain threshold in pain persisting mice and promotes postoperative pain
recovery. Additionally, MOR phosphorylation was significantly reduced on day 20 in pain persisting mice treated with
G15 (P <0.01; Figure 6C and D), indicating GPER inhibition partially attenuates MOR phosphorylation in chronic pain.
Furthermore, MOR protein expression on the plasma membrane was significantly increased (Pain persisting + DMSO vs
Pain persisting + G15, P < 0.001; Figure 6H and I), suggesting that GPER inhibition prevents MOR internalization in
postoperative pain. On day 20, Gl5-treated pain persisting mice exhibited markedly reduced PKC o and PKC ¢
expression in the RVM (PKC a: P < 0.001; PKC &: P < 0.0001; Figure 6C and D), consistent with immunofluorescence
staining results showing a pronounced decrease in PKC o' and PKC & neurons (Pain persisting + DMSO vs Pain
persisting + G15: PKC a: P < 0.0001; PKC &: P < 0.01; Figure 6E-G). Additionally, immunoblot analysis revealed a
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significant reduction in p-PKC expression following GPER inhibition (Pain persisting + DMSO vs Pain persisting + G15,
P <0.001; Figure 6C and D), indicating that GPER blockade suppresses PKC activation under chronic pain conditions.
The translocation of PKC from the cytosol to the plasma membrane was also diminished in pain persisting mice treated
with G15 (Pain persisting + DMSO vs Pain persisting + G15: PKC a: P < 0.01; PKC &: P < 0.05; Figure 6H and I).
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Abbreviations: ns. no statistical difference.

Finally, GRK expression in the RVM remained unchanged after G15 administration (P > 0.05; Figure 6C and D),
suggesting that GRK does not regulate MOR phosphorylation during GPER-mediated modulation of chronic pain
progression.

GPER Activation Enhanced MOR Phosphorylation via PKC Signal

To investigate whether GPER desensitizes MOR via PKC activation and subsequent translocation, the PKC inhibitor STS
was co-administered with the GPER agonist G1 in pain recovery mice on days 16—17 following burn injury. Moreover, no
significant changes in mechanical or thermal pain thresholds were observed in pain recovery mice following STS treatment
(P> 0.05, Figure 7A and B). Similarly, MOR phosphorylation exhibited no detectable alteration after STS administration
(P>0.05, Figure 7C and D). It is hypothesized that the basal level of MOR phosphorylation in the pain recovery cohort was
already sufficiently low, thereby limiting further reduction. In contrast to the reduced pain thresholds observed in pain
recovery mice treated with G1 alone, co-administration of STS partially restored both mechanical and thermal pain
thresholds one-day post-administration, with a progressive increase from days 18 to 20 (P < 0.05, Figure 7A and B).
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These findings suggest that PKC plays a key role in the mechanism by which GPER contributes to persistent nociceptive
allodynia during pain progression. Furthermore, markedly elevated levels of p-MOR were detected in pain recovery mice
treated with G1, an effect that was prevented by co-administration of the PKC inhibitor STS (Pain recovery + G1 vs Pain
recovery + STS + G1, P <0.001, Figure 7C and D), indicating that GPER mediates MOR phosphorylation through PKC
activation to promote the chronicity of pain.

The role of PKC in chronic pain was further evaluated through the microinjection of STS into pain persisting mice. A
significant increase in PWT and PWL was observed in STS-treated mice compared to untreated counterparts (Figure 7E and F).
Additionally, MOR phosphorylation levels were markedly reduced following STS administration (Pain persisting + DMSO vs
Pain persisting + STS, P < 0.01; Figure 7G and H). These experimental findings demonstrate that GPER activation initiates a
PKC-mediated signaling cascade that culminates in MOR phosphorylation, a molecular event strongly associated with pain
chronification in preclinical models.

Discussion

Estimates indicate that 13—50% of adults in the UK experience chronic pain, with its prevalence continuing to increase.*
Chronic pain not only imposes a substantial financial burden due to lost income and healthcare expenditures but also
contributes to profound psychological distress.” Opioids continue to serve as the primary modality for analgesic
intervention in pain management. However, prolonged opioid use is associated with several adverse consequences,
including addiction, drug tolerance, escalating dose requirements, and the risk of opioid-induced hyperalgesia.*> The
therapeutic management of chronic pain syndromes remains a formidable clinical challenge, highlighting the need for
continued investigation into their multifactorial pathogenesis.

Male mice were exclusively employed in this investigation to circumvent confounding factors associated with
endogenous hormonal fluctuations in females. Variations in estrogen levels driven by the estrous cycle may activate
GPER, thereby modulating pain sensitivity.** Although ovariectomy can induce a stable hypoestrogenic state, this
surgical manipulation introduces additional physiological disturbances.>> Previous studies have reported that tissue injury
induces latent pain sensitization and constitutive p-opioid receptor activity.’® Such alterations interfere with subsequent
pain threshold assessments and physiological indicators, thus male mice were selected for experimentation. Nevertheless,
the exclusive use of males may limit the broader applicability of these findings due to established sex-based differences
in nociceptive processing.’’ A chronic pain model was established using thermal injury, an approach that presents
inherent limitations. Despite stringent experimental controls—including objective indicators of pain, prophylactic anti-
biotic use to prevent infection, and age-matched cohorts to reduce recovery variability—potential residual confounders
cannot be entirely excluded. Notably, this conventional modeling strategy has demonstrated limited efficiency in
consistently producing chronic pain phenotypes. Although intracerebral cannula implantation for targeted drug delivery
remains widely adopted, this technique unavoidably provokes localized neuroinflammation, evidenced by periprocedural
gliosis. Recent studies have shown that pharmacological suppression of microglial activity in both the spinal cord and the
RVM mitigates pain sensitization.>*>° Furthermore, activated microglia have been implicated in central sensitization
through the persistent release of interleukin-1p and tumor necrosis factor.*® Although von Frey filament testing and hot
plate assays offer quantifiable metrics of evoked nociceptive responses, these stimulus-dependent paradigms fail to
capture essential clinical features of spontaneous pain—particularly movement-evoked allodynia, which resembles the
agonizing pain triggered by light touch, such as clothing, in human patients.

Previous studies have demonstrated that prolonged opioid exposure induces MOR phosphorylation and internalization
in dorsal root ganglion (DRG) neurons.*' Consistent with these observations, evident MOR phosphorylation and
internalization were also confirmed in the RVM in a chronic pain model induced by burn injury. Furthermore, markedly
reduced MOR expression was detected in the RVM of both the pain persisting and pain recovery cohorts compared to
naive controls, suggesting that thermal injury provokes MOR proteolytic downregulation through endogenous regulatory
mechanisms. It is postulated that endocytic depletion of MOR does not serve as the primary pathogenic trigger in chronic
pain states. Conversely, impaired recycling efficiency to the plasma membrane—reflected by diminished surface-resident
MOR density—Ilikely constitutes a key pathophysiological mechanism. It is hypothesized that site-specific modifications
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and altered receptor trafficking of MOR play a critical role in reducing the efficacy of both endogenous and exogenous
opioids in mediating analgesia.

Previous studies have demonstrated that sustained, high-intensity peripheral noxious inputs may contribute to the
induction of central sensitization.*** Peripherally evoked nociceptive signals are transmitted via primary afferent
neurons through the DRG to the spinal dorsal horn and subsequently ascend via spinothalamic tracts to central pain-
processing nuclei, including the parabrachial complex, PAG, and RVM. These inputs undergo hierarchical integration
within central nuclei, with the RVM receiving processed signals and issuing descending modulatory outputs to the spinal
cord.'*** Pain facilitation or inhibition by the RVM occurs through its projections to the dorsal horn of the spinal cord."?
Prior research has established that activation of GPER-expressing neurons in the RVM promotes hyperalgesic states
under various pathological conditions.*>*’ Consistently, the present findings indicate that GPER expression in the RVM
was upregulated on day 18 in mice with chronic pain. In alignment with previous studies—and the current results
demonstrating that elevated MOR phosphorylation in the RVM is promoted by GPER activation' '—a substantial degree
of GPER-MOR colocalization was observed in the RVM. Moreover, microinjection of the GPER inhibitor G15 into the
RVM resulted in reduced MOR phosphorylation and enhanced membrane localization of MOR under chronic pain
conditions. These findings suggest that GPER contributes to MOR desensitization and simultaneously impairs MOR
internalization during the progression of chronic pain. However, the current experimental design did not incorporate
molecular probes such as GTPyS binding assays to quantify MOR functional states, thereby limiting the capacity to
directly establish the neurobiological linkage between GPER signaling and MOR plasticity in chronic pain maintenance.

Currently, the diminished efficacy of opioids in analgesia has been linked to MOR phosphorylation and internaliza-
tion through multiple signaling pathways, including PKC and the GRK/arrestin axis.”>*® The present findings demon-
strated that PKC inhibition resulted in a reduction in MOR phosphorylation, thereby attenuating burn injury-induced

allodynia. These results are consistent with those reported by Shaaban et al,*’

who showed that early-stage diabetes-
associated PKC upregulation contributes to reduced antinociceptive responses, as validated by behavioral assays.
Furthermore, it was observed that GRK2/3 expression remained unaltered under conditions of persistent pain, suggesting
that PKC, rather than GRK, plays a predominant role in burn-induced chronic pain by constraining neuronal physiolo-
gical responses and diminishing morphine efficacy. In agreement with previous research showing GPER-mediated PKC
upregulation at the cellular level,”® colocalization of PKC with GPER-positive neurons in the RVM was identified in
mice exhibiting persistent pain. To further delineate the functional relationship between GPER activation and PKC
phosphorylation in postoperative chronic pain, MOR phosphorylation, and behavioral assessments were employed as
physiological correlates. Translocation of PKC from the cytosolic to the membrane compartment, along with its
phosphorylation induced by GPER activation, was found to promote nociceptive allodynia. Although the current
investigation mechanistically links GPER signaling to MOR phosphorylation via the PKC pathway, additional direct
evidence—such as studies utilizing KO mice—was not pursued. The pharmacological agonists and inhibitors employed
in this study carry inherent risks of off-target effects. These compounds may exhibit low-affinity binding to structurally
cognate targets, resulting in unintended pathway activation or suppression with potential physiological consequences.
Notably, published evidence indicates that in HR295 cells and vascular smooth muscle cells, the GPER agonist G1
induces ERK 1/2-mediated cellular damage and apoptosis through GPER-independent mechanisms.’*>! Such promiscu-
ous actions may confound the interpretation of GPER-specific physiological functions in nociceptive modulation. While
the role of GPER in the RVM under chronic pain conditions has been elucidated, it must be acknowledged that the
descending modulatory system is inherently complex, involving multireceptor interactions (eg, 5-HT and GABA
receptors) and functionally distinct neuronal subpopulations (ON and OFF cells). GPER is considered a contributory
modulator rather than a sole regulatory entity within this intricate network.

Conclusion

Postoperative chronic pain was found to induce GPER-dependent PKC activation within the RVM, which subsequently
facilitated sensory MOR phosphorylation. This MOR phosphorylation, driven by GPER neuron activation, was identified
as a contributing factor to nociceptive allodynia—an effect that was attenuated following PKC inhibition.
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