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Abstract: Endometriosis, often associated with chronic pelvic pain, can lead to anxiety and depression.
This study investigates the role and mechanism of Glycine receptor alpha 3 (Glrα3) in the central
sensitization of pain in endometriosis, aiming to identify new therapeutic targets. Using a Glrα3
knockout mouse model of endometriosis, we employed behavioral tests, qPCR, immunofluorescence,
Nissl staining, MRI, and Western blot to assess the involvement of Glrα3 in central pain sensitization.
Our results indicate that endometriosis-induced hyperalgesia and anxiety–depressive-like behaviors
are linked to increased Glrα3 expression. Chronic pain in endometriosis leads to gray matter changes
in the sensory and insular cortices, with Glrα3 playing a significant role. The inhibition of Glrα3
alleviates pain, reduces neuronal abnormalities, and decreases glial cell activation. The absence of
Glrα3 effectively regulates the central sensitization of pain in endometriosis by inhibiting glial cell
activation and maintaining neuronal stability. This study offers new therapeutic avenues for the
clinical treatment of endometriosis-related pain.
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1. Introduction

Endometriosis is a prevalent inflammatory gynecological disorder that not only causes
chronic pelvic pain but also frequently leads to infertility, significantly impacting patients’
quality of life and economic status [1,2]. The persistence of pain in endometriosis, associated
with the stage, location, number, size, and severity of lesions, remains poorly understood
and may continue even after surgical interventions [3]. This enduring pain is closely linked
to increased inflammatory sensitivity in the peripheral nervous system and alterations
in pain processing within the central nervous system, potentially leading to neuroplastic
changes that cause heightened pain responses to minimal stimuli [4].

Recent studies suggest a shared etiology between the overlapping conditions of chronic
pain and mood disorders in patients with endometriosis, which may relate to changes
in the central pathways of pain processing, known as central sensitization [5]. Central
sensitization is characterized by increased responsiveness to low-threshold stimuli, en-
hanced neuronal membrane excitability, increased synaptic efficacy, reduced inhibitory
neuron activity, and altered synaptic plasticity [6,7]. These pain-induced changes in brain
regions can be detected via MRI techniques, revealing alterations in functional connectivity,
gray matter volume, cortical surface area, and thickness [8–10]. However, research on
pain-induced brain changes in endometriosis remains limited.

The glycine receptor alpha 3 (Glrα3) component plays a crucial role in regulating
inflammatory pain hypersensitivity [11]. In models of inflammatory pain, animals with
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Glrα3 gene mutations or deletions exhibit either an absence of pain hypersensitivity or a
rapid recovery from pain sensitization [12,13]. Furthermore, increased expression levels
of Glrα3 in the insular region of mouse models of endometriosis are associated with pain
hypersensitivity [14], suggesting that targeting Glrα3 could offer new directions for treating
chronic pain induced by endometriosis.

In addition to behavioral and MRI assessments, changes at the neuronal functional
level can be further pinpointed through various staining techniques. Nissl staining re-
flects neuronal functional activity [15], and c-Fos is widely used to track pain stimulus
transmission pathways and locate neurons [16]. Recent findings highlight the significant
role of neuroglial cells in maintaining and developing pain. Activated neuroglial cells
influence synaptic plasticity in the central nervous system by modulating neuronal ac-
tivity [17], thereby triggering and exacerbating pain sensitivity through the release of
pro-inflammatory cytokines and chemokines such as TNF-α, IL-6, and IL-1β [18]. Increases
in astrocytes and microglia have been observed in the dorsal horn of the spinal cord in
mouse models of endometriosis-associated pain [19]. Moreover, women with endometriosis
are at a high risk of developing psychological disorders such as anxiety and depression [20].
Neuroglial cells are also implicated in depression and anxiety, where microglia contribute
to the onset and progression of these conditions through the activation of the NLRP3
inflammasome and the overproduction of inflammatory cytokines [21,22].

Thus, a precise analysis of neuronal and neuroglial changes in brain regions associated
with endometriosis pain is crucial for understanding the mechanisms of central sensitiza-
tion. This understanding could pave the way for future approaches targeting Glrα3 as a
novel analgesic for endometriosis.

2. Results
2.1. Endometriosis Induces Hypersensitivity to Pain and Anxiety–Depressive Behaviors

Experimental outcomes demonstrated that EM group mice developed typical vesic-
ular lesions, cyst-like structures, and gland-like formations, which were absent in the
Sham group. Both macroscopic and histological examinations confirmed the successful
establishment of the endometriosis model (Figure 1A).

Hot plate test results indicated no significant differences in thermal withdrawal latency
(TWL) between the EM and the Sham group mice before surgery. From the fourth week
post-surgery, TWL was significantly reduced in the EM group compared to the Sham
group, a trend that persisted until the eighth week (Figure 1B). The von Frey test revealed
no pre-surgical differences in mechanical withdrawal thresholds (MWT) between groups.
From the sixth week post-surgery, MWT was significantly lower in the EM group compared
to the Sham group, continuing through the eighth week (Figure 1C).

In the open field test, the movement trajectory of mice in the EM group in the central
area was significantly shorter than that in the Sham group (Figure 1D), and the exploration
time of mice in the EM group in the central area was shorter than that in the Sham group
(Figure 1E). In the total distance of the open field test, the EM group mice showed a
decrease compared with the Sham group in the 4th week (Figure 1F). The tail suspension
test revealed that by the eighth week post-surgery, immobility time was significantly longer
in the EM group compared to the Sham group (Figure 1G).

The significant reductions in TWL and MWT, along with decreased central area
activity time and increased immobility time, indicate heightened pain sensitivity and
anxiety–depressive behaviors in the EM group.

2.2. Upregulation of Glrα3 in the S1 and IC Brain Regions of Mice with Endometriosis

qPCR was utilized to assess the expression of Glrα3 in brain regions associated with
pain and emotion processing. The insular cortex (IC) and primary somatosensory cortex
(S1) are critical in pain processing and emotional response, while the hippocampus (HPC)
is associated with pain memory, and the thalamus (TH) serves as a relay for pain signals.
qPCR results indicated that Glrα3 mRNA levels were significantly elevated in the IC and
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S1 regions of EM group mice compared to Sham, with no significant differences detected in
the HPC and TH regions (Figure 2A–E).
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Figure 1. Behavioral test results. (A) Macroscopic and histological images of the ventral abdominal 
wall in two groups of mice (scale bar: 200 µm). H&E staining of endometriotic-like lesions to confirm 
the success of the endometriosis model; the typical endometrioid gland, including highly cylindrical 
epithelium, could be seen. (B) Changes in thermal withdrawal latency (TWL) at weeks 4, 6, and 8 
post-surgery, showing reduced TWL in the EM group compared to the Sham group. (C) Reductions 
in mechanical withdrawal threshold (MWT) in the EM group at weeks 6 and 8 post-surgery com-
pared to the Sham group. (D) Representative activity tracks in the open field test at week 8 post-
surgery for EM and Sham group mice. (E) Reduced central area activity time in the EM group com-
pared to the Sham group in the open field test at week 8 post-surgery. (F) Reduced total distance 
traveled in the open field test by the EM group compared to the Sham group at week 4 post-surgery. 

Figure 1. Behavioral test results. (A) Macroscopic and histological images of the ventral abdominal
wall in two groups of mice (scale bar: 200 µm). H&E staining of endometriotic-like lesions to confirm
the success of the endometriosis model; the typical endometrioid gland, including highly cylindrical
epithelium, could be seen. (B) Changes in thermal withdrawal latency (TWL) at weeks 4, 6, and
8 post-surgery, showing reduced TWL in the EM group compared to the Sham group. (C) Reductions
in mechanical withdrawal threshold (MWT) in the EM group at weeks 6 and 8 post-surgery compared
to the Sham group. (D) Representative activity tracks in the open field test at week 8 post-surgery for
EM and Sham group mice. (E) Reduced central area activity time in the EM group compared to the
Sham group in the open field test at week 8 post-surgery. (F) Reduced total distance traveled in the
open field test by the EM group compared to the Sham group at week 4 post-surgery. (G) Increased
immobility time in the tail suspension test for the EM group at week 8 post-surgery compared to the
Sham group. * p < 0.05, ** p < 0.01. n = 5 per group.
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Figure 2. Differential expression of Glrα3 mRNA in brain regions. (A) Schematic of spatial localiza-
tion in the brain regions IC, S1, HPC, and TH. (B) No significant difference in Glrα3 expression in 
the TH region between the two groups. (C) Increased expression of Glrα3 in the IC region of the EM 
group mice. (D) Increased expression of Glrα3 in the S1 region of the EM group mice. (E) No signif-
icant differences in Glrα3 expression in the HPC region between the groups. * p < 0.05, ns indicates 
p > 0.05. n = 4/5 per group. 
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Anxiety–Depressive Behaviors 

The hot plate and tail-flick tests showed that thermal pain sensitivity was signifi-
cantly higher in the EM group than in the Sham group after surgery, while inhibiting 
Glrα3 in the KO group significantly decreased pain sensitivity by the sixth week and the 
eighth week post-surgery (Figure 3A,B). The von Frey test indicated an increase in me-
chanical pain sensitivity in the EM group from the fourth week post-surgery. In contrast, 
mechanical pain sensitivity in the KO group showed recovery from the eighth to the 
twelfth week post-surgery. 

The open field test revealed a reduction in central area activity time starting from the 
eighth week post-surgery in the EM group, while the KO group exhibited extended cen-
tral area activity time compared to the EM group (Figure 3C–F). The tail suspension test 

Figure 2. Differential expression of Glrα3 mRNA in brain regions. (A) Schematic of spatial localization
in the brain regions IC, S1, HPC, and TH. (B) No significant difference in Glrα3 expression in the TH
region between the two groups. (C) Increased expression of Glrα3 in the IC region of the EM group
mice. (D) Increased expression of Glrα3 in the S1 region of the EM group mice. (E) No significant
differences in Glrα3 expression in the HPC region between the groups. * p < 0.05, ns indicates p > 0.05.
n = 4/5 per group.

2.3. Inhibition of Glrα3 Alleviates Pain Hypersensitivity and Reduces Anxiety–Depressive
Behaviors

The hot plate and tail-flick tests showed that thermal pain sensitivity was significantly
higher in the EM group than in the Sham group after surgery, while inhibiting Glrα3 in the
KO group significantly decreased pain sensitivity by the sixth week and the eighth week
post-surgery (Figure 3A,B). The von Frey test indicated an increase in mechanical pain
sensitivity in the EM group from the fourth week post-surgery. In contrast, mechanical
pain sensitivity in the KO group showed recovery from the eighth to the twelfth week
post-surgery.

The open field test revealed a reduction in central area activity time starting from
the eighth week post-surgery in the EM group, while the KO group exhibited extended
central area activity time compared to the EM group (Figure 3C–F). The tail suspension test
indicated prolonged immobility time in the EM group during the sixth week, tenth week,
and twelfth week post-surgery, whereas the KO group exhibited shorter immobility times
during later stages of the experiment (Figure 3G).

These results suggest that the observed reductions in thermal and mechanical pain
sensitivity, as well as improvements in anxiety–depressive behaviors in the KO group, are
likely due to the inhibition of Glrα3, which mitigates the hypersensitivity and emotional
disturbances induced by endometriosis.
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Figure 3. Behavioral test results. (A) No significant difference in lesion volume between EM and
KO groups. (B) Changes in TWL detected in the hot plate test post-surgery across three groups.
(C) Changes in TWL in the tail-flick test post-surgery across three groups. (D) Changes in MWT
detected in the von Frey test post-surgery across three groups. (E) Representative activity tracks
in the open field at week 12 post-surgery for three groups. (F) Changes in central activity time in
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the open field test post-surgery across three groups. (G) Changes in total activity distance in the open
field test post-surgery across three groups. (H) Changes in immobility time in the tail suspension test
post-surgery across three groups. Comparisons: * EM vs. KO, # EM vs. Sham, with significance levels
* p < 0.05, ** p < 0.01, *** p < 0.001, # p < 0.05, ## p < 0.01, ### p < 0.001, #### p < 0.001. n = 8 per group.

2.4. Inhibition of Glrα3 Ameliorates Reductions in Gray Matter Volume in the S1 and IC Regions

Previous studies have shown that pain can lead to reductions in gray matter volume
in specific brain regions [23]. In this study, we employed voxel-based morphometry (VBM)
to compare changes across three groups of mice, identifying significant clusters using a
threshold of p < 0.0001 for EM versus Sham comparisons, and p < 0.05 for EM versus KO
comparisons. The results indicated that, compared to Sham, EM mice exhibited reduced
gray matter volume (GMV) in the sensory cortex and insula. Furthermore, compared to
KO mice, EM mice showed reductions in GMV in the sensory cortex, amygdala, thalamus,
and insular cortex (Table 1, Figure 4A,B).

1 
 

 

Figure 4. VBM analysis differences. (A) Voxel comparison of gray matter volume (GMV) between
EM and Sham groups. (B) Voxel comparison of GMV between EM and KO groups. The color bar’s
top and bottom numbers indicate the t values of the statistical results. n = 8 per group.

The reductions in gray matter volume (GMV) observed in the sensory and insular
cortex of EM mice are indicative of pain-induced neuroanatomical changes specific to
endometriosis. The amelioration of GMV reductions in the KO group implies that Glrα3
inhibition has a neuroprotective effect, potentially reversing pain-related brain alterations
rather than merely reflecting differences in overall brain morphology.

2.5. Inhibition of Glrα3 Alleviates Neuronal Alterations in the IC and S1 Regions

To further focus on the effects of endometriosis on brain regions, guided by MRI and
preliminary qPCR results, this study specifically examined the S1 sensory cortex and insula.

Nissl staining was used to observe changes in Nissl bodies, crucial components of
neuronal protein synthesis, which significantly decrease when neurons are damaged. The
results revealed notable alterations in neuronal structures in EM mice; in the S1 and IC
regions, the integrated optical density of Nissl staining was significantly reduced compared
to Sham. In contrast, KO mice exhibited an increase in total optical density compared
to EM mice (Figure 5A–C). Additionally, c-fos staining was utilized to reflect neuronal
activity [24]. The results showed a significant increase in NeuN+/c-fos+ cells in the S1 and
IC regions in EM mice compared to Sham; this increase was reduced in KO mice compared
to EM (Figure 5D–F).
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Table 1. Comparisons of different brain regions among the Sham and EM and KO groups using structural magnetic resonance imaging.

Brain Region Voxel
MNI

Peak T Value Brain Region Voxel
MNI

Peak T ValueX (mm) Y (mm) Z (mm) X (mm) Y (mm) Z (mm)

Somatosensory Cortex_left 2461 −2.7555 3.2743 0.9373 5.7204 Caudate Putamen_left 5837 −2.2803 1.8555 −0.0222 2.4598
Temporal Cortex_left 2384 −4.0197 1.2495 −7.9058 6.1893 Caudate Putamen_right 4971 1.9587 −0.2203 −0.6442 2.401

Visual Cortex_left 1984 −2.2701 3.2313 −5.7674 6.2919 Somatosensory Cortex_right 4437 2.3421 −0.7132 −0.1807 2.3139
Auditory Cortex_left 1765 −4.0197 1.2495 −7.9058 6.1893 Somatosensory Cortex_left 4243 −2.2803 1.8713 0.2132 2.5247
Ectorhinal Cortex_left 1616 −4.0107 3.1684 −2.4721 6.1514 Amygdala_right 1719 1.7673 0.078 −0.8753 2.112
Caudate Putamen_left 1456 −2.5611 3.4787 0.9395 5.7985 Insular Cortex_right 1370 2.9181 −1.297 0.5165 2.0951

Amygdala_right 1373 2.3541 1.3608 −0.1547 5.9067 Entorhinal Cortex_right 1358 3.6177 2.8 1.5074 2.5537
Insular Cortex_left 1018 −2.7549 3.378 0.9386 5.7204 Ectorhinal Cortex_left 984 −3.6081 5.6384 −7.2635 2.899

Entorhinal Cortex_left 741 −3.1443 2.4705 −4.9521 5.9972 Piriform Cortex_right 937 2.7249 −1.3019 0.3992 2.1228
Piriform Cortex_right 736 2.3541 1.3608 −0.1547 5.9067 Temporal Cortex_left 922 −3.6081 5.6384 −7.2635 2.22
Hippocampus_right 466 1.6809 1.7318 −2.5008 5.5494 Ectorhinal Cortex_right 801 4.0899 0.9575 1.9538 1.9625

Entorhinal Cortex_right 429 3.4389 4.9995 −2.8159 5.6935 Entorhinal Cortex_left 634 −3.6081 5.6384 −7.2635 2.567
Thalamus_right 422 1.2045 2.8958 −2.2501 5.6191 Insular Cortex_left 605 −3.1641 −1.078 −6.8782 1.9983

Insular Cortex_right 393 3.3039 −1.3672 1.1029 5.2575 Olfactory bulb_right 548 0.1059 −3.3413 −2.7967 2.1406
Subiculum_left 382 −2.3667 3.2249 −5.8849 6.2687 globus pallidus_right 575 1.8639 0.0923 −0.6401 2.401

Dentate gyrus_right 369 1.4799 0.4736 −1.2226 5.5979 Temporal Cortex_right 547 3.8127 2.9027 −1.5493 1.9627
Visual Cortex_right 341 2.1519 −0.1996 −0.2915 5.6628 globus pallidus_left 541 −1.7133 −0.6709 −5.1118 2.2825
Piriform Cortex_left 324 −3.3201 5.3465 −6.9149 5.4311 Primary motor cortex_left 265 −1.9113 −1.5054 −5.2395 2.1345

Caudate Putamen_right 302 3.0417 3.368 0.5748 5.2151 Thalamus_left 153 −1.1319 −0.3214 −4.4029 1.923
Somatosensory Cortex_right 278 3.3039 −1.3672 1.1029 5.2575 Thalamus_right 146 1.2873 0.5645 −1.4563 1.8657

Subiculum_right 235 2.0769 3.5193 −0.4799 5.724 Hippocampus_right 108 2.9547 4.7443 −3.6414 2.2463
Cerebellum_right 199 1.7907 4.1223 −0.8246 1.9713 Hypothalamus_right 58 1.6011 4.7712 −0.4633 2.2093

Retrosplenial cortex_right 178 2.0769 3.5193 −0.4799 5.724 Hippocampus_left 32 −1.8801 3.887 −5.1719 1.792
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Figure 5. Differences in neuronal activity in the S1 and IC brain regions among three groups. (A) 
Representative Nissl-stained sections from the S1 and IC brain regions of three groups, scale bar 50 
µm. (B) Nissl staining results in the S1 region. (C) Nissl staining results in the IC region. (D) Statis-
tical results of Neun/c-Fos co-staining in the S1 region. (E) Statistical results of Neun/c-Fos co-stain-
ing in the IC region. (F) Representative sections of Neun/c-Fos co-staining in the S1 and IC brain 

Figure 5. Differences in neuronal activity in the S1 and IC brain regions among three groups.
(A) Representative Nissl-stained sections from the S1 and IC brain regions of three groups, scale
bar 50 µm. (B) Nissl staining results in the S1 region. (C) Nissl staining results in the IC region.
(D) Statistical results of Neun/c-Fos co-staining in the S1 region. (E) Statistical results of Neun/c-Fos
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co-staining in the IC region. (F) Representative sections of Neun/c-Fos co-staining in the S1 and IC
brain regions, scale bar 50 µm. * p < 0.05, ** p < 0.01, *** p < 0.001. IOD (Integrated Optical Density).
n = 4 per group.

2.6. Inhibition of Glrα3 Reduces Activation of Glial Cells in the IC and S1 Regions

Previous research has suggested that the increased activation of glial cells can exac-
erbate pain sensitivity [25]. To explore whether microglia and astrocytes were also more
activated in the IC and S1 cortex, this study employed various techniques for detection.

The immunofluorescence results indicated that the activation of microglia (labeled with
Iba1) and astrocytes (labeled with GFAP) was significantly higher in EM mice compared
to Sham. This activation was significantly reduced in the KO group compared to EM
(Figure 6A–F).
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Figure 6. Activation of glial cells in the S1 and IC brain regions among three groups. (A) Representa-
tive Iba1-stained sections from the S1 and IC brain regions, scale bar 50 µm. (B) Iba1 staining results
in the S1 region. (C) Iba1 staining results in the IC region. (D) GFAP staining results in the S1 region.
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IC brain regions, scale bar 50 µm. * p < 0.05, ** p < 0.01, *** p < 0.001. n = 4 per group.
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Western blotting (WB) and quantitative PCR (qPCR) further validated these findings
(Figure 7A–D). Additionally, the study examined inflammatory factors associated with glial
cells. qPCR results showed significant increases in the pro-inflammatory factors TNF-α
and IL-1β in EM mice compared to Sham, with significant reductions in these factors in KO
mice compared to EM. There were no statistically significant differences in IL-6 expression
among the groups. The expression of the anti-inflammatory factor IL-10 was reduced in
EM mice compared to Sham (Figure 7E–H).
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Figure 7. Quantification of glial cells and inflammatory factors expression. (A) Protein blot analysis
for Iba1 across three groups. (B) Protein blot analysis for GFAP across three groups. (C) Quantification
of Iba1 mRNA levels in three groups. (D) Quantification of GFAP mRNA levels in three groups.
(E) Quantification of IL1β mRNA levels in three groups. (F) Quantification of TNFα mRNA levels
in three groups. (G) Quantification of IL10 mRNA levels in three groups. (H) Quantification of
IL6 mRNA levels in three groups. * p < 0.05, ** p < 0.01, **** p < 0.0001. ns: no significance. n = 4
per group.

3. Discussion

Endometriosis is defined as the presence of endometrial-like tissue outside the uterus [26].
The growth of ectopic endometrial tissue is accompanied by an increased secretion of
cytokines, angiogenic factors, and neurotrophic factors. These factors collectively promote
inflammation, neovascularization, and heightened neuronal sensitivity, contributing to
the pain associated with endometriosis [27]. Treatment options for endometriosis-related
pain are diverse, including surgical interventions, pharmacological treatments (analgesics,
hormones, and non-hormonal therapies), and non-pharmacological strategies [28]. How-
ever, because of the complexity of endometriosis, the recurrence of pain after stopping
treatment is common [29]. Therefore, a deeper understanding of the pain mechanisms in
endometriosis, particularly the role of central sensitization, is crucial for developing more
effective pain management strategies.

In this study, we employed a murine model of endometriosis and used behavioral,
imaging, and molecular biology techniques to investigate the mechanisms underlying
central sensitization to pain in endometriosis. Our findings indicate that, between the
fourth week and the sixth week post-surgery, mice began to exhibit lowered pain thresh-
olds. By the eighth week, mice displayed behaviors indicative of anxiety and depression.
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These results suggest that the peritoneal model of endometriosis can effectively mimic
the clinical manifestations observed in some endometriosis patients, namely reduced pain
thresholds [3] and accompanying symptoms of anxiety and depression [30].

Previous research has highlighted that hypersensitivity to pain in endometriosis is
associated with an increased expression of Glrα3 in the insular cortex of mice [14]. Other
studies on pain mechanisms have demonstrated that the knockout of Glrα3 mitigates the
inflammatory pain hypersensitivity induced by complete Freund’s adjuvant [31]. Our
preliminary qPCR screenings suggest that Glrα3 predominantly affects the S1 and IC,
implicating these regions in the mediation of pain in endometriosis. Behavioral assess-
ments in Glrα3-deficient mice have shown that the absence of this receptor can alleviate
pain hypersensitivity and anxiety–depressive behaviors in the later stages of the disease.
Moreover, thermal pain primarily activates the outer laminae I and II of the spinal cord,
whereas mechanical pain predominantly triggers the inner lamina II neurons, explaining
the observed differences in the timing of thermal and mechanical pain regulation in our
studies [32]. Notably, the staging and volume of endometriotic lesions do not directly
correlate with the intensity of pain, consistent with our findings [3].

Neuroimaging can detect resting-state functional connectivity, gray matter density,
and the levels of GABA and Glx (glutamate and glutamine), thereby predicting or reflecting
the degree of pain sensitivity [33]. Women with endometriosis-associated chronic pelvic
pain exhibit enhanced connectivity in the somatosensory cortex and the persistent acti-
vation of the somatosensory pain pathway [34]. We used structural magnetic resonance
imaging to examine the effects of endometriosis-related pain on brain gray matter. Pain
intensity correlates with gray matter volume in various cortical (insula, medial frontal
gyrus, temporal gyrus, anterior cingulate cortex) and subcortical (hippocampus, thalamus,
amygdala) regions [35], and prolonged pain duration is associated with cortical reorga-
nization and gray matter loss [36]. Our findings indicate that the reduced gray matter in
areas such as the sensory and insular cortex in endometriosis model mice may reflect the
consequences of chronic nociceptive transmission. The deletion of the glra3 gene appears
to induce a partially reversible increase in gray matter volume in regions including the
sensory cortex, insula, amygdala, and thalamus. These results align with recent clinical
findings that greater gray matter volume is associated with longer pain tolerance [37]. How-
ever, the underlying cellular and molecular mechanisms of gray matter changes remain
unclear. Potential changes involving glial cells, axonal sprouting, dendritic branching and
synaptogenesis, neurogenesis, and angiogenesis, possibly due to increased nociceptive
input and similar to learning-related plasticity, might be involved [38]. Therefore, molecular
biological assessments were conducted in the relevant brain regions to further understand
the reasons behind the differences in these abnormal brain regions.

In this study, we examined neuronal changes in the S1 and IC of endometriosis model
mice, employing Nissl and c-Fos staining to assess the alterations. We observed a significant
reduction in Nissl bodies and an increase in c-fos expression in both regions in the EM group
mice, suggesting pronounced neuronal alterations that correlate with the pain mechanisms
previously identified in bone cancer pain research, where pain is closely related to neuronal
functional changes and neuronal damage is indicated by a reduction in Nissl bodies [39].
Restoring Nissl bodies in the hippocampus has been shown to provide analgesic and
antidepressant effects [40]. An upregulation of neuronal c-Fos is considered indicative of
increased pain signal transmission [41]. These findings suggest that endometriosis induces
structural and functional abnormalities in the neurons within the S1 and IC, implicating
Glrα3 in the modulation of pain associated with endometriosis by potentially stabilizing
neuronal integrity in these critical areas.

Glial cells are known to perpetuate pain sensitivity by prolonging the release of
inflammatory mediators, thereby sensitizing neighboring central projection neurons and
inducing central sensitization, ultimately leading to chronic pain [42]. Glial cells also
regulate neuronal activity through the provision of metabolic substrates and modulation of
synaptic components [43]. Our study observed the activation of microglia and astrocytes
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in the S1 and IC regions of endometriosis model mice. The secretion of pro-inflammatory
cytokines by pro-inflammatory microglia, such as IL-1β and TNF-α, is recognized as a
key driver of central sensitization [44]. Changes in the expression of inward-rectifying
potassium channels in astrocytes can influence neuronal discharge patterns, contributing
to the development of pain hypersensitivity [45]. Our analyses further revealed that the
balance between pro-inflammatory and anti-inflammatory factors was disrupted in these
regions, suggesting that the absence of Glrα3 could mitigate pain hypersensitivity in
endometriosis by reducing the activation of glial cells and the release of inflammatory
factors in the S1 and IC.

Nevertheless, this study has certain limitations. In our behavioral testing, we will
optimize the modeling method to further reduce the interference of the surgery itself on
the behavioral results, and appropriately increase the detection experiments for local pain
sensitivity. This will make our experimental results more reliable and accurate. In the
mechanistic studies, we may have overlooked changes in brain regions at other time points
post-modeling and have not dynamically and deeply explored the alterations in neural
circuits. Although the mouse model has provided valuable insights, the physiological and
pathological differences between this model and the human disease may limit the direct
applicability of our findings. In future studies, we will strive to address these limitations to
enhance the relevance and translational potential of our research.

4. Materials and Methods
4.1. Animals

SPF-grade C57BL/6J mice, 8–10 weeks old, were purchased from Hubei Bente Biotech-
nology Co., Ltd. (Wuhan, China); Glrα3 gene knockout mice of the same age were pur-
chased from Jiangsu Jicui Yaokang Biotechnology Co., Ltd. (Nanjing, China). These mice
were housed and bred at the Animal Center of the Research Building, Tongji Hospital,
Huazhong University of Science and Technology. The housing conditions were a tem-
perature of 25 ◦C with sufficient food and water, and a 12 h light/12 h dark cycle. All
procedures and housing were conducted in accordance with the standardized guidelines of
the Experimental Animal Center of Tongji Hospital and were approved and supervised by
the Ethics Committee of Tongji Hospital (Ethics Approval Number: TJH-202303041).

4.2. Methods
4.2.1. Animal Model of Endometriosis

The model of endometriosis mouse was established according to the method described
in our previous study [46]. Donor mice were euthanized, their uterine horns excised, and
placed in phosphate-buffered saline (PBS). Each horn was divided into three equal parts.
Uterine biopsies were sutured to the peritoneum using a 7-0 vicryl thread. The same surgical
method was applied to the control mice (Sham), with the exception that no endometrial
tissue was introduced; sutures were affixed to the peritoneum.

A comprehensive examination of the peritoneum and visceral organs was conducted
using an anatomical microscope to identify any endometriosis lesions. Specimen lesions
suspected to be significant were meticulously gathered and initially preserved in 10%
neutral-buffered formalin for a day, and subsequently stored in 70% ethanol. To confirm
endometriosis, visible lesions underwent Hematoxylin and Eosin (H&E) staining to verify
the presence of endometrial glands and stroma. Mice without endometriosis were excluded
from further analysis. The volume of endometriosis lesions was measured using calipers.

4.2.2. Behavioral Testing

The mechanical paw withdrawal threshold (PWT) test was performed using von
Frey fibers according to previous reports [47]. Mice were acclimated for at least 30 min
in Plexiglass chambers placed on a mesh platform. Calibrated von Frey monofilaments
(0.04, 0.07, 0.16, 0.4, 0.6, 1.0, 1.4, and 2.0 g of pressure, in ascending order) were applied
perpendicularly to the central part of the plantar area of the hind paw. The filament needs
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to be kept bent for 5 s or until a withdrawal reflex is evoked. Sudden paw retraction,
shaking, or licking were considered as positive responses. An interval of at least 30 s should
be maintained between stimuli to avoid sensitization. The withdrawal threshold for each
animal was calculated using the up-and-down method.

Thermal hyperalgesia was measured using the hot plate test and the hot tail-flick test.
Mice were placed on the plate for 30 min to acclimate to the environment. The hot plate
was maintained at 52 ◦C, with a cutoff time of 20 s. The response was measured when the
mouse rapidly withdrew any paw from the surface (flicking, licking), other than walking.
To avoid tissue harm, mice were promptly taken off the hot plate following a response
indicative of pain sensation [48]. In the hot tail-flick test, mice were gently placed in a
rodent restrainer, exposing their tails. The tail’s tip (1–2 cm) was immersed in water at a
temperature of 52 ◦C. The duration taken for the animal to retract its tail from the water was
timed. To mitigate the risk of tissue damage, a shorter cut-off time of 10 s was utilized [49].

Open-field test (OFT) reflects anxiety-like behavior based on thigmotaxis in mice [50].
Following an acclimation period of approximately one hour in the laboratory, each mouse
was individually placed in the center of a square enclosure (40 × 40 × 40 cm). A video
camera mounted above the enclosure captured the mice’s activity. Their behavior was
monitored for a total of 5 min using a computerized video tracking system running the
VisuTrack program (Novsoft, Shanghai, China). The total distance of the open field exper-
iment reflects the activity ability of mice. The distance and time at center regions were
recorded and compared which was used to determine anxiety. Anxious mice are expected
to spend less time exploring the central area and leave fewer trajectories in the central area.

The tail suspension test assesses depressive behavior in mice by observing their
immobility while suspended, a condition from which they cannot escape [51]. After a 1 h
acclimation period in the experimental environment, each mouse was suspended 90 cm
above the floor using adhesive tape placed approximately 1 cm from the tip of the tail.
Initially, the mice exhibited escape attempts, but these behaviors diminished over time,
leading to periods of immobility. The immobility time was recorded using a stopwatch for
the final 4 min of the 6 min test. Each mouse was tested individually to avoid interference
from other animals. Increased immobility during the tail suspension test is indicative of
greater depressive behavior.

4.2.3. MRI Image Acquisition and Processing

Animal MRI examinations were conducted using a 9.4 T small animal MRI scanner
(Bruker 94/20, Ettlingen, Germany) at the Center for Molecular Imaging and Translational
Medicine, Xiamen University. All mice were positioned in an extended prone position
and administered a 1.5% isoflurane/oxygen mixture. T2-weighted images were utilized in
this study, as T1 tissue contrast between mouse gray and white matter is less distinct at
high magnetic field strengths. MRI images were acquired with the following parameters:
RARE factor = 8, echo time = 33 ms, field of view = 35 × 35 mm, image size = 256 × 256,
slice thickness = 1 mm, matrix size = 256 × 256, flip angle = 90 degrees, encompassing
35 contiguous slices. The total MRI scanning time per mouse was approximately 10 min.

MRI image analysis was conducted using the Statistical Parametric Mapping 12 toolkit,
spmmouseIHEP toolkit, and custom software written in MATLAB R2017b. Initially, each
T2-weighted image was aligned with the mouse template in the spmmouseIHEP to the
third ventricle and magnified 10-fold to accommodate the difference in total brain volume
between humans and rodents. Following this, each image underwent segmentation to
create probabilistic delineations of gray matter (GM), white matter, and cerebrospinal
fluid. This process utilized tissue probability maps available in the spmmouseIHEP toolkit
and then normalized to Paxinos and Franklin’s space using exponential Lie algebra for
diffeomorphic anatomical registration. Transformation matrices were used to modulate
the normalized gray matter images. The gray matter images were then smoothed using a
Gaussian kernel with an 8 mm full-width at half-maximum. These modulated images were
subsequently utilized for voxel-based morphometry (VBM) analysis [52].
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The voxel-based morphometry (VBM) analysis was performed on images smoothed
using the general linear model in the spmmouseIHEP toolkit. Voxels from regions of
interest (ROI) were extracted for further quantitative analysis. A t-test was utilized to
determine differences between groups. Notably, the differences between the EM and Sham
groups were more pronounced, with significant regions identified at a voxel threshold
of p < 0.0001. Meanwhile, significant differences between the EM and KO groups were
identified at a voxel threshold of p < 0.05.

4.2.4. Western Blot

The method was conducted as previously described [53]. Simply put, the primary
somatosensory cortex (S1) and the insular cortex (IC) of the mouse brain are dissected and
mixed for protein extraction. Protein quantification was achieved using the Coomassie
Brilliant Blue G250, with a standard curve for calibration. The protein samples were
then separated using 12.5% SDS-PAGE and subsequently transferred onto polyvinylidene
fluoride (PVDF) membranes. The membranes were blocked with 5% milk for 1.5 h, followed
by overnight incubation at 4 ◦C with primary antibodies. The next day, after TBST washing,
the membranes were exposed to secondary antibodies at a temperature of 37 ◦C for an hour.
Protein bands were then visualized through the ChemiDoc TMXRS+ system and analyzed
with Image LabTM software Version 4.1 (Bio-Rad, Hercules, CA, USA). Each experiment
was independently repeated three times. Primary antibodies included IBA1 (ABclonal,
Wuhan, China, A19776, 1:2000) and GFAP (Abcam, Cambridge, UK, ab7260, 1:8000), while
the secondary antibody was HRP Goat Anti-Rabbit IgG (H+L) (ABclonal, AS014, 1:5000).

4.2.5. Immunofluorescence Staining

The method was slightly modified from previous experiments [54]. Mice were per-
fused with 0.1 mol/L PBS followed by 4% PFA. The brains were then immersed in 4% PFA
for 24 h and transferred to 30% sucrose solution until sunk. Brain sections were prepared
using a cryostat (Thermo Fisher Scientific, Waltham, MA, USA). After rewarming, washing
with PBS, permeabilization with 0.3% Triton X-100, and blocking (QuickBlock™ Blocking
Buffer, Beyotime, Nantong, China), the sections were incubated overnight at 4 ◦C with
primary antibodies. This was followed by three washes with PBS and incubation at room
temperature with appropriate secondary antibodies for 1 h. After three more PBS washes,
the sections were incubated with corresponding secondary antibodies for 1 h at room
temperature. The following secondary antibodies were diluted to 1:300 before use. After
staining, the tissue sections were incubated with DAPI for 15 min. The sections were then
washed for 30 min with PBS and stained with DAPI (1:1000, Sigma Millipore, St. Louis, MO,
USA, 1:1000, D9542) to visualize the nuclei. Images were captured using a fluorescence
microscope and analyzed with ImageJ software (version 1.54). Primary antibodies included
IBA1 (ABclonal, China, A19776, 1:200), GFAP (Abcam, UK, ab7260, 1:200), NeuN (Millipore,
USA, 3075598, 1:300), and c-Fos (Abcam, UK, ab214672, 1:200). Secondary antibodies
included ABflo® 488-conjugated Goat Anti-Rabbit IgG (H+L) (ABclonal, China, AS053,
1:200), ABflo® 594-conjugated Goat Anti-Rabbit IgG (H+L) (ABclonal, China, AS039, 1:200),
and ABflo® 594-conjugated Goat Anti-Mouse IgG (H+L) (ABclonal, China, AS054, 1:200).

4.2.6. Nissl Staining

The method was conducted as previously described [55]. These brain sections were
stained with Nissl stain (Sevier, Wuhan, China, G1036). After mounting, images were
captured using an upright standard light microscope (OLYMPUS BX53, Tokyo, Japan). The
integrated optical density (IOD) of Nissl bodies in the IC and S1 regions was quantified
using the Image Pro Plus 6.0 software.

4.2.7. qPCR

The primary somatosensory cortex (S1) and insular cortex (IC) was collected and
was preserved in RNAlater solution (Thermo Fisher, Carlsbad, CA, USA). We used Trizol
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reagent (Thermo Fisher, USA) to extract, and the total RNA and Prime ScriptTM RT reagent
Kit (Takara Bio Inc., Shiga, Japan) to reversely transcribe the total RNA. The concentration
and purity of each sample was detected by Nanodrop Spectrophotometer (Nanodrop,
Wilmington, DE, USA). qPCR was performed by CFX96 Real-Time System (Bio-Rad, USA)
using the Fast Start Universal SYBR Green Master kit (Takara Bio Inc., China). Each reaction
was performed in triplicate and normalized to β-actin gene expression. Detailed primer
sequences are listed in Table S1.

4.2.8. Experimental Design

The experiments were conducted in two batches. In the first batch, baseline measure-
ments were taken before the surgery, and behavioral tests were conducted over the course
of 8 weeks post-surgery. At the end of week 8, the mice were euthanized, and tissues
were collected. In the second batch, baseline measurements were also taken pre-surgery,
with behavioral tests conducted throughout the 12 weeks post-surgery. MRI scans were
performed during week 11, and at the end of week 12, the mice were euthanized, and
tissues were harvested. Notably, the hot tail-flick test was not conducted in the first batch
of experiments (Figure 8).
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4.2.9. Statistical Analysis

All data are represented using the mean ± standard error of mean (SEM). Univariate
analysis of variance (ANOVA) was employed for comparisons across multiple data groups,
complemented by Bonferroni-adjusted multiple comparison tests to ensure rigor and
accuracy in our analyses. For comparisons between two data sets, we utilized the unpaired
two-tailed Student’s t-test, a method specifically designed to evaluate significant differences
between two groups. Statistical significance was assessed based on p values (p < 0.05) in
GraphPad Prism 9 software.
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5. Conclusions

Current treatments for endometriosis primarily target ectopic endometrial lesions but
fail to directly address pain arising from the central sensitization of the nervous system.
Our study demonstrates that the absence of Glrα3 reduces gray matter loss, inhibits glial
cell activation, and maintains neuronal stability, thereby regulating central sensitization
in endometriosis-associated pain perception. These findings provide new insights into
the pain mechanisms of endometriosis and identify novel targets for clinical treatment,
potentially leading to more effective and comprehensive management strategies for patients
suffering from this condition.
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