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Abstract OBJECTIVE: To investigate the effects of estrogen on the threshold and tempera-
ture of orofacial pain and explore the influence on the function of glutamate and
GABA neurons in the orofacial pain temperature perception pathway by observing
the expression of vesicular glutamate transporter 2 (Vglut2) and vesicular GABA
transporter 1 (Vgatl).

METHODS: A total of 24 adult female Sprague-Dawley rats were divided into three
groups: sham operation (SHAM), ovariectomized (OVX) and ovariectomized plus
estrogen intervention (OVX+E) (n = 8 per group). The threshold of mechanical
pain of the orofacial region was assessed with von Frey filaments, and the
temperature of the rat orofacial region was monitored by infrared thermography.
Changes in the expression of Vglut2 and Vgatl in glutamatergic and GABAergic
neurons in the trigeminal ganglion (TG), spinal trigeminal nucleus (Sp5C), lateral
parabrachial nucleus (LPB) and ventral posteromedial nucleus of the thalamus
(VPM) were assessed by immunostaining and Western blotting.

RESULTS: Under low-estrogen conditions, the mechanical pain threshold of the
orofacial region of rats decreased significantly, and the temperature of the orofa-
cial region increased significantly. The expression of Vglut2 and Vgatl in the TG
and Sp5C showed a downward trend, and the decline in Vgatl was greater than
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that in Vglut2. Conversely, both proteins were upregu-
lated in the LPB and VPM, and the magnitude of the
changes in Vglut2 was greater than that in Vgatl.
Estrogen therapy reversed these changes.
CONCLUSION: Under low-estrogen conditions, the
proportion of glutamate and GABA neurons in the
orofacial pain and temperature sensation pathway
changes, which leads to the imbalance of neurotrans-
mission function and the enhancement of excitatory
transmission of these two kinds of neurons and finally
leads to a decrease in the orofacial pain threshold and
an increase in temperature.

INTRODUCTION

The decline in ovarian function in perimenopausal
women leads to a decrease in the level of estrogen,
during which all systems of the body are affected,
such as decreased saliva secretion and burning mouth
syndrome (Meurman et al. 2009; Monteleone et al.
2018; Song et al. 2019). Epidemiological surveys show
that approximately 90% of women with burning mouth
syndrome are postmenopausal (Kim et al. 2014).
Patients with burning mouth syndrome often complain
of tongue pain, oral mucous membrane burning pain,
some accompanied by headache, sore throat, neck and
esophageal pain (Ritchie & Kramer,2018). However,
the mechanism of occurrence is not clear. Studies
have found that lingual nerve block anesthesia can
relieve the burning sensation in patients with burning
mouth syndrome, suggesting that burning sensation
may be related to the dysfunction of the pain conduc-
tion pathway (Jdaskeldinen & Woda, 2017). In the
classical orofacial pain and temperature perception
pathway, receptors, such as those in the orofacial skin
and mucosa, receive a variety of nociceptive signals,
which are transmitted to the TG through its peripheral
processes. These signals are projected to the Sp5C and
then divided into two parts, one to tertiary neurons
in the VPM and the other part to the LPB. Finally, the
integrated signals are received by the cerebral cortex
(Shinoda et al. 2019; Bicanic et al. 2019).

The orofacial sensory signal transduction pathway
consists of excitatory glutamatergic neurons and inhibi-
tory GABAergic neurons, which are in equilibrium
under physiological conditions. When GABAergic
neurons are insufficient to inhibit glutamatergic
neurons, sensory signals continue to be transmitted
in an excitatory manner, resulting in pain. In contrast,
sensory signal transduction is suppressed and does not
produce pain. If the balance between glutamate and
GABA neurons is disrupted, it might lead to abnormal
transmission of pain (Kuner, 2010).

It has been found that local application of a glutamate
receptor antagonist to the spinal trigeminal nucleus can
also antagonize the increase in neuronal activity caused
by orofacial temporomandibular joint disease (Tashiro
et al. 2015). However, injection of a GABA receptor

agonist into the TG can attenuate the activity in the
spinal trigeminal nucleus induced by electrical stimula-
tion of the masseter muscle in rats (Ranjbar & Cairns,
2021). Other scholars have found that after orofacial
trigeminal nerve injury, an increase in the number
of glutamatergic synaptic contours and a decrease in
average synaptic length in the spinal trigeminal nucleus
may lead to the activation of nociceptive pathways, thus
promoting the development of orofacial pain (Laursen
et al. 2014). In addition, specific activation of gluta-
matergic neurons in the LPB or specific inhibition
of GABAergic neurons can both induce pain responses
in the mouths and faces of mice (Wang & Xu, 2021).
Subsequently, it is believed that the balance between
glutamatergic and GABAergic neurons is the key to the
normal and orderly transmission of orofacial sensory
information.

At present, the effect of estrogen on pain transduc-
tion is not clear. Some scholars believe that estrogen can
promote pain, while other studies elucidate that estrogen
has an inhibitory effect on pain (Yu et al. 2011; Reddy
et al. 2021; Zhang et al. 2021). It has been reported
that in vitro cell experiments the membrane receptor
of estrogen can lead to the loss of the function of GABA
neurons, weaken inhibitory transmission and promote
the pain effect (Luo et al. 2016). Studies on dorsal root
ganglion showed that estrogen interacts with mGluR2/3,
a metabolic glutamate receptor, through its receptor
ER a, which rapidly inhibits calcium influx medi-
ated by estradiol and inhibits nociceptive information
transmission and thus inhibits the production of pain
(Micevych & Mermelstein. 2008). In addition, it was
found that estradiol can induce the mRNA expression
of glutamate decarboxylase in the hippocampus, which
is the key enzyme to convert glutamate to GABA, so
that more glutamate is converted to GABA, enhancing
the function of GABAergic neurons and playing a role
in inhibiting pain (Ma et al. 2020). Thus, the specific
regulatory effect of estrogen on pain is region-specific
and related to the type of estrogen receptor. It has been
found that estrogen receptors are widely distributed in
the temperature sensation pathway of orofacial pain,
but the specific effect of estrogen on the transmission
of orofacial pain has not been reported (Warfvinge et al.
2020).

In glutamatergic neurons, there are three subtypes
of vesicular transporters responsible for glutamate
release: Vglutl, Vglut2 and Vglut3. Vglutl and Vglut2
are specifically expressed in glutamatergic neurons
and are labeled proteins of glutamatergic neurons.
It has been found that neurons projecting from the
spinal trigeminal nucleus to the thalamus only express
Vglut2 in the orofacial pain and temperature sensation
pathway (Herzog et al. 2004). Similar to glutamatergic
neurons, there are also three subtypes of transporters
in GABA neurons: Vgatl, Vgat2 and Vgat3. According
to alocalization study of these three transporters, Vgatl
is widely expressed in the orofacial sensory information
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Fig. 1. Validation of successful ovariectomies. (A-D) Proestrus, estrus, metestrus and interestrus, respectively. The arrow represents positive
cells, Bar= 100 um. (E). Body weight of rats in the SHAM , OVX and E2 groups. (F-H) Uterus morphology of the SHAM, OVX and OVX+
groups. Bar=100 um. The data are represented as the mean + standard deviation (SD). *P < 0.05, **P < 0.01, ***P < 0.001.

pathway and plays a major role in the GABA system
(Sears & Hewett. 2021). Numerous studies have shown
that glutamate and GABA neurons are under the
regulation of estrogen, which is manifested by medi-
ating the two proteins Vglut2 and Vgatl (Kiss et al.
2013;Hrabovszky et al. 2006;Moore et al. 2018;Almey
et al. 2016). Hence, the following questions arise: Will
estrogen have a similar effect on the balance of the two
types of neurons in the orofacial pain and temperature
perception pathway? Are these effects the same for
different nuclei in the pathway? We conducted a study
to answer these questions.

MATERIALS AND METHODS

Establishment of animal model

Twenty-four female Sprague-Dawley rats aged 6-8
weeks and weighing 225+10 g were obtained from
the Animal Experimental Center of Peking University
Health Science Center. The rats were housed in an
SPF-grade animal facility at a constant temperature
of 25£1°C and relative humidity of 40-50% on a 12 h
light/dark cycle. All rats were allowed free access
to food and water.

Before animal experimentation, the study protocol
was approved by the Ethics Committee for Laboratory
Animal Welfare. Twenty-four rats were randomly

divided into three groups: the sham-operated, ovariec-
tomized (OVX), and estrogen-treated ovariectomized
(OVX+E) groups (8 rats in each group). After anes-
thetization with 40 mg/kg 1% sodium pentobarbital,
animals in the sham group underwent laparotomy,
but the ovaries were not removed. Animals in the
remaining two groups underwent ovariectomy. The
rats were weighed weekly during this period to adjust
the dose of the drug. Two weeks after the animals in
the OVX + E group received daily subcutaneous injec-
tions of estrogen (25 ug/kg), the animals in the OVX
and SHAM groups were injected with an equal volume
of the vehicle (sterile sesame oil) at the same site for six
weeks.

Von Frey filaments and orofacial mechanical pain

All rats were placed in clean, nonoccluded cages and
allowed to acclimate for at least 30 min before the start
of the behavioral experiments. Filaments with bending
forces of 1 (0.04 g), 2 (0.07 g), 3 (0.16 g), 4 (04 g),
5(0.6 g),6(1.4g),7 (4.0g), and 8 (8.0 g) were applied
to the ipsilateral and contralateral whisker pads.
Backward movement, flexion or head withdrawal after
application of the filament was considered a response.
The rat mechanical head withdrawal threshold (g)
was calculated as (10[Xf+kd8])/10000, where XF repre-
sents the bending force of the last filament applied,
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Fig. 2. (A) Changes in the threshold of orofacial mechanical pain in the SHAM, OVX and OVX+E groups. (B) Changes in the orofacial
temperature in the SHAM, OVX and OVX+E groups. *P < 0.05, **P < 0.01, ***P < 0.001.

d represents the mean difference between the bending
force of each filament after taking the logarithm (for
the filaments selected in this experiment, § was equal
to approximately 0.356), and K is the coefficient value
obtained after calculation of the "X" and "O" sequences
obtained from infrared measurements.

Thermographic monitoring of rat orofacial temperature

The rats were placed in a quiet environment for 10 min
and allowed to adapt to the environment. They were
subsequently placed in a lidless container for behav-
ioral assays. Infrared thermography was performed for
10 min, during which the rats were allowed to move
freely. The surface temperature of orofacial sites of live
rats was randomly captured during the photographing
period. The captured images were imported into the
analyzer software for subsequent image processing and
analysis.

Immunohistochemical staining

Nine rats (three from each group) were randomly
selected and perfused intracardially with normal
saline (0.9%, 4°C) and paraformaldehyde (4%, 4°C)
after anesthesia, and the brains and trigeminal ganglia
were obtained. Brain tissue was postfixed in 4% para-
formaldehyde for 8~112 h, and the fixed tissue blocks
were placed in a 30% sucrose solution at 4°C until they
sank to the bottom. The TG was cut into 20-pum-thick
sections. The Sp5C, VPM and LPB were identified
according to the sixth edition of a rat brain atlas and
cut into 20-um-thick sections. Three sections were
randomly selected from each rat for immunohisto-
chemical staining of VGLUT2, and another 3 sections
were used for immunohistochemical staining of VGAT.
The frozen sections were placed in 0.3% Triton and
incubated at 37°C for 40 min. Afterward, they were
immersed in boiling sodium citrate for 10 min for

antigen retrieval. The sections were then immersed
in 3% hydrogen peroxide for 15 min, washed in PBS,
incubated with goat serum for 1 h at room temperature,
incubated with a mouse anti-VGLUT?2 antibody (1:250,
Novus, nbp2-59330) or rabbit anti-Vgatl antibody
(1:400, Novus, nbp2-20857) overnight at 4°C, and incu-
bated with biotinylated goat anti-rabbit IgG or biotinyl-
ated goat anti-mouse IgG for 2 h at room temperature.
After washing with PBS, the sections were incubated
with horseradish peroxidase-labeled streptavidin for 3 h
at room temperature (Zhongshan Golden Bridge Kit)
and developed with 3,3'-diaminobenzidine (DAB) color
development solution for 3 min. Panoramic images
were acquired with a pathological section scanner
(NanoZoomer Digital Pathology system; Hamamatsu,
Japan). Two fields of each section were randomly
selected, and the optical density and area were analyzed
using Image-Pro Plus 6 Software (Media Cybernetics,
Inc., Rockville, MD, USA). The average optical density
(AOD) was calculated as XIOD/Xarea.

Western blotting

Fifteen rats (5 rats from each group) were randomly
selected, anesthetized and decapitated. The TG and
brain were immediately removed, and a metal rat
brain mold was used to identify the VPM in coronal
sections according to coordinates obtained from a rat
brain atlas: 3.12-3.96 mm anteroposterior to bregma;
1.60-3.80 mm mediolateral from bregma; and 5.10-
6.80 mm deep from the dura. The LPB was identified
according to the following coordinates: 8.76-9.60 mm
anteroposterior to bregma; 1.40-2.80 mm mediolat-
eral from bregma; and 6.40-7.00 mm deep from the
dura. The Sp5C area was identified according to the
following coordinates: 14.28-15.96 mm anteropos-
terior to bregma; 1.60-3.40 mm mediolateral from
bregma; and 7.20-9.20 mm deep from the dura. The
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tissue samples were homogenized in cold lysis buffer
containing 1% protease inhibitor by ultrasonica-
tion. A BCA assay kit (Applygen Technologies Inc.,
P1511-1) was used to determine the protein concen-
tration of each sample. The proteins were separated
on a 10% sodium dodecyl sulfate-polyacrylamide
gel (80 V, 120 min). The proteins were transferred
from the gel to a nitrocellulose membrane (Applygen
Technologies Inc.) at 100 V. Then, the membrane
was shaken slowly on a shaker in blocking buffer
(5% bovine serum albumin (BSA) in TBST) at room
temperature for 1 h. The membrane was incubated
with mouse anti-vglut2, rabbit anti-VGAT, mouse
anti-B-actin (Applygen Technologies Inc., C1313)

and rabbit anti-GAPDH (Applygen Technologies Inc.,
C1340) antibodies diluted 1:200, 1:400, 1:3000 and
1:3000, respectively, in TBST containing 5% BSA over-
night. The membrane was then incubated with goat
anti-mouse (anti-vglut2/B-actin primary antibodies),
goat anti-rabbit (anti-VGAT/GAPDH primary anti-
bodies) or goat anti-rabbit (anti-B-actin primary anti-
body) antibodies in TBST containing 5% BSA at room
temperature for 2 h with shaking. For development
using ECL reagent, after 2 min, the membrane was
placed in a high-sensitivity chemiluminescence imager,
and appropriate conditions were selected for exposure.
The grayscale values of the bands were analyzed with
Image-Pro Plus software.
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Fig. 3. (A) Immunohistochemical staining of Vglut2 in the TG in the SHAM (A1), OVX (A2) and OVX+E (A3) groups. (C) Analysis of the AOD
of Vglut2 in the TG. (B) Immunohistochemical staining of Vgat1 in the TG in the SHAM (B1), OVX (B2) and OVX+E (B3) groups. (D) Analysis
of the AOD of Vglut2 in the TG. Bar=50 pm. The arrows indicate Vglut2- and Vgat1-positive cells. (E-H) Western blot analysis of Vglut2 and
Vgat1 in the three groups. (E, G) Immunoblots of Vglut2 (60 kD) and GAPDH (36 kD) and relative protein levels (Vglut2/GAPDH) in the TG.
(F, H) Immunoblots of Vgat1 (57 kD) and GAPDH (36 kD) and relative protein levels (Vgat1/GAPDH) in the TG. *P < 0.05, **P < 0.01,

***p <0.001.
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Fig. 4. (A) Immunohistochemical staining of Vglut2 in the Sp5C in SHAM (A1), OVX (A2) and OVX+E (A3) groups. (C) Analysis of the AOD
of Vglut2 in the Sp5C. (B) Immunohistochemical staining of Vgat1 in Sp5C in the SHAM (B1), OVX (B2) and OVX+E (B3) groups. (D)
Analysis of the AOD of Vgat1 in the Sp5C. Bar=50 um. The arrows indicate Vglut2- and Vgat1-positive cells. (E, G) Immunoblots of Vglut2
and B-actin (43 kD) and relative protein levels (Vglut2/B-actin) in Sp5C cells. (F, H) Immunoblots of Vgat1 and B-actin and relative protein

levels (Vgat1/B-actin) in Sp5C. *P < 0.05, **P < 0.01, ***P < 0.001

Statistical analysis

Data are expressed as the meantstandard deviation and
were analyzed using SPSS software. P<0.05 indicated
statistical significance. All the data were processed
using one-way analysis of variance (ANOVA), followed
by least squares difference post hoc test. Moreover,
anormal distribution test and homogeneity test of vari-
ance were both used before ANOVA.

RESULTS

Ovariectomized versus SHAM operated rats

Vaginal exfoliated cell smear staining showed that
vaginal exfoliated cells in the SHAM group showed
continuous changes in the estrous cycle, mainly polyg-
onal nucleated epithelial cells in proestrus (Fig. 1A) and
estrus (Fig. 1B), and leukocytes, keratinized nucleated
epithelial cells and polygonal nucleated epithelial cells
coexisted in the late stage of estrus (Fig. 1C). The main
manifestation of diestrus in the OVX group was single,
small and round nucleated cells (Fig. 1D).

The uterine shape of the SHAM group (Fig. 1F)
was plump, while that of the OVX group (Fig. 1G) was
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significantly thinner. The shape of the uterus recovered
obviously in the OVX+E group (Fig. 1H).

The body weight of rats in the OVX group was
significantly higher than that in the SHAM and OVX+E
groups (OVX: 346.8+8.5 vs. SHAM: 282.6+59 g,
P<0.01). However, there was no significant difference
between the SHAM group and OVX+E group (SHAM:
282.6+5.9 vs. OVX+E: 285.7+7.1 g, P>0.05). The results
are shown in Figure 1E.

Threshold mechanical pain and orofacial temperature

The threshold of orofacial mechanical pain in the OVX
group was significantly lower than that in the SHAM
and OVX+E groups (OVX: 0.24+0.09 vs. SHAM:
1.03+0.04 g, P<0.01). However, there was no signifi-
cant difference between the SHAM group and OVX+E

group (SHAM: 1.03+0.04 vs. OVX+E: 1.03+£0.05 g,
P>0.05). The results are shown in Figure 2A.

The orofacial temperature in the OVX group was
significantly higher than that in the SHAM and OVX+E
groups (OVX: 31.86+0.03 vs. SHAM: 30.72+0.04°C,
P<0.01). However, there was no significant difference
between the SHAM group and OVX+E group (SHAM:
30.7240.04 vs. OVX+E: 30.93+0.04°C, P>0.05). The
results are shown in Figure 2B.

Immunohistochemical staining and Western Blot

Expression of Vglut2 and Vgatl in TG

Immunohistochemistry showed that Vglut2 (Fig.
3A1-A3) and Vgatl (Fig. 3B1-B3) were expressed in the
TG. The AOD values for Vglut2 and Vgatl in the OVX
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Fig. 5. (A) Immunohistochemical staining of Vglut2 in the LPB in the SHAM (A1), OVX (A2) and OVX+E (A3) groups. (C) Analysis of the AOD
of Vglut2 in the LPB. (B) Immunohistochemical staining of Vgat1 in the LPB in the SHAM (B1), OVX (B2) and OVX+E (B3) groups. (D)
Analysis of the AOD of Vgat1 in the LPB. Bar=50 pm. The arrows indicate Vglut2- and Vgat1-positive cells. (E, G) Immunoblots of Vglut2
and B-actin and relative protein levels (Vglut2/B-actin) in the LPB. (F, H) Inmunoblots of Vgat1 and B-actin and relative protein levels

(Vgat1/B-actin) in the LPB. *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 6. (A) Immunohistochemical staining of Vglut2 in the VPM in the sham (A1), OVX (A2) and OVX+E (A3) groups. (C) Analysis of the AOD
of Vglut2 in the VPM. (B) Immunohistochemical staining of Vgat1 in the VPM in the SHAM (B1), OVX (B2) and OVX+E (B3) groups. (D)
Analysis of the AOD of Vgat1 in the VPM. Bar=50 um. The arrows indicate Vglut2- and Vgat1-positive cells. (E, G) Immunoblots of Vglut2
and B-actin and relative protein levels (Vglut2/B-actin) in the VPM. (F, H) Inmunoblots of Vgat1 and B-actin and relative protein levels

(Vgat1/B-actin) in the VPM. *P < 0.05, **P < 0.01, ***P < 0.001.

group were significantly lower than those in the SHAM
and OVX+E groups (Fig 3C, 3D; Vglut2: P<0.05, Vgatl:
P<0.01). However, there was no significant difference
in Vglut 2 and Vgatl between the SHAM group and
OVX+E group (P>0.05).

The changing trend of WB was also consistent with
this finding. The gray values for Vglut2 and Vgatl in
the OVX group were significantly lower than those in
the SHAM and OVX+E groups (Fig 3G, 3H; Vglut2:
P<0.01, Vgatl: P<0.05). However, there was no signifi-
cant difference in Vglut 2 and Vgatl between the SHAM
group and OVX+E group (P>0.05).

Expression of Vglut2 and Vgatl in Sp5C
Immunohistochemistry showed that Vglut2 (Fig.
4A1-A3) and Vgatl (Fig. 4B1-B3) were expressed in
Sp5C. The AOD values for Vglut2 and Vgatl in the OVX
group were significantly lower than those in the SHAM
and OVX+E groups (Fig 4C, 4D; Vglut2: P<0.01, Vgatl:
P<0.01). However, there was no significant difference
in Vglut 2 and Vgatl between the SHAM group and
OVX+E group (P>0.05).

The changing trend of WB was also consistent with
this finding. The gray values for Vglut2 and Vgatl in
the OVX group were significantly lower than those in
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the SHAM and OVX+E groups (Fig 4G, 4H; Vglut2:
P<0.01, Vgatl: P<0.01). However, there was no signifi-
cant difference in Vglut 2 and Vgatl between the SHAM
group and OVX+E group (P>0.05).

Expression of Vglut2 and Vgatl in LPB
Immunohistochemistry showed that Vglut2 (Fig.
5A1-A3) and Vgatl (Fig. 5B1-B3) were expressed in the
LPB. The AOD values for Vglut2 and Vgatl in the OVX
group were significantly higher than those in the SHAM
and OVX+E groups (Fig 5C, 5D; Vglut2: P<0.01, Vgatl:
P<0.01). However, there was no significant difference
in Vglut 2 and Vgatl between the SHAM group and
OVX+E group (P>0.05).

The changing trend of WB was also consistent with
this finding. The gray values for Vglut2 and Vgatl in
the OVX group were significantly higher than those in
the SHAM and OVX+E groups (Fig 5G, 5H; Vglut2:
P<0.05, Vgatl: P<0.01). However, there was no signifi-
cant difference in Vglut 2 and Vgat1 between the SHAM
group and OVX+E group (P>0.05).

Expression of Vglut2 and Vgatl in the VPM
Immunohistochemistry showed that Vglut2 (Fig.
6A1-A3) and Vgatl (Fig. 6B1-B3) were expressed in
the VPM. The AOD values for Vglut2 and Vgatl in
the OVX group were significantly higher than those
in the SHAM and OVX+E groups (Fig 6C, 6D: Vglut2:
P<0.01, Vgatl: P<0.05). However, there was no signifi-
cant difference in Vglut 2 and Vgatl between the SHAM
group and OVX+E group (P>0.05).

The changing trend of WB was also consistent with
this finding. The gray values for Vglut2 and Vgatl in
the OVX group were significantly higher than those in
the SHAM and OVX+E groups (Fig 6G, 6H: Vglut2:
P<0.05, Vgatl: P<0.01). However, there was no signifi-
cant difference in Vglut 2 and Vgatl between the SHAM
group and OVX+E group (P>0.05).

DISCUSSION

The TG, as the first-level neuron of orofacial sensory
information transmission, integrates peripheral
afferent information and is also the key to connecting
the periphery and the center. After that, the periph-
eral signal is transmitted to the spinal nucleus of the
trigeminal nerve through the TG, and then the inte-
grated information is transmitted to the higher center
(Bicani¢ et al. 2019). Tashiro and colleagues found that
high concentrations of estrogen in the rat spinal dorsal
horn prevented the inhibition of GABA receptors on
temporomandibular joint neurons, and this disinhibi-
tion effectively promoted the activity of GABA recep-
tors, which effectively promoted the activity of GABA
receptors, made GABA neurons play a better role and
weakened the sensation of pain (Tashiro et al. 2014).
In this study, it was found that the immunoreactivity
of glutamatergic and GABAergic neurons decreased

in the TG and Sp5C in ovariectomized rats, but the
decrease in GABAergic neurons was greater, which
showed an increase in nerve excitability. This result
is consistent with that of Tashiro, suggesting that low
estrogen levels have inhibitory effects on GABA and
glutamatergic neurons in the TG and Sp5C but have
a stronger inhibitory effect on GABA neurons so that
pain signals are transmitted to the next level of neurons.
The LPB, as a relay station in the orofacial sensory
information transmission pathway, plays an important
role in the transmission and regulation of informa-
tion. The VPM is the key part of integrating all oral
and facial sensory information into the cerebral cortex.
In this study, it was found that the expression of gluta-
matergic and GABAergic neurons increased in the LPB
and VPM after ovariectomy and returned to normal
levels after estrogen treatment, suggesting that estrogen
participates in the regulation of glutamatergic and
GABAergic neurons in the LPB and VPM.

Estrogen may regulate the excitability of glutama-
tergic neurons through the estrogen receptor. ERa,
ERp and GPR30 receptors are expressed in the LPB and
VPM (Rossetti et al. 2016; Warfvinge et al. 2020), so
the effect of estrogen on glutamate and GABA neurons
after ovariectomy needs to be further studied. Some
studies have found that GPR30 can promote excitatory
transmission by promoting the function of calmod-
ulin-dependent protein kinase Ila (CaMKIla) and
increasing the accumulation of glutamate receptor
subunit 1 (GluR1) and AMPA receptor clusters in
excitatory synapses of glutamatergic neurons (Luo et al.
2016). In addition, some studies have found that an
increase in the level of the estrogen membrane receptor
GPR30 can disrupt the balance between glutamatergic
and GABAergic neurons during sensory transmission
in the spinal cord, resulting in an increase in pain sensa-
tion, while knocking down GPR30 can reverse this
change, suggesting that estrogen and its receptors may
affect the balance between these two kinds of neurons
during sensory transmission (Prossnitz & Hathaway,
2015; Evrard, 2006).

In vitro experiments using hippocampal neurons
have shown that an increase in estrogen levels not
only leads to downregulation of GABA expression
but also decreases the expression of glutamate decar-
boxylase (GAD), the key enzyme in the conversion
of glutamate to GABA, and a decrease in GAD levels
leads to a decrease in the conversion rate of glutamate
to GABA, further leading to a decrease in GABA levels
(Zare et al. 2019; Noriega et al. 2010). It is speculated
that upon ovariectomy, the inhibitory effect of low
estrogen levels on GAD was also weakened in the orofa-
cial sensory signal transduction pathway; the increase
in GAD levels led to the conversion of more glutamate
to GABA, the release of glutamate decreased, and
GABA immunoreactivity increased. The high estrogen
level achieved after estrogen treatment restored the
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inhibition of GAD expression, which led to a decrease
in GABA levels.

In this study, it was found that the expression
of glutamatergic and GABAergic neurons decreased in
the TG and Sp5C after ovariectomy, but the decrease
in inhibitory GABA neurons was higher than that in
excitatory glutamatergic neurons, which made the
peripheral sensory signals transmit to the center in an
excitatory manner. In the LPB and VPM, the expression
of these two kinds of neurons increased, the increase
in excitatory glutamatergic neurons was greater than
that in inhibitory GABA neurons, GABA neurons were
not enough to inhibit the increased excitability of gluta-
matergic neurons, and sensory signals were still trans-
mitted to the cerebral cortex, resulting in a decrease in
the mechanical pain threshold. It has been confirmed
that the regulation of orofacial pain is more sensitive
and that estrogen is involved in the regulation of orofa-
cial pain. In this experiment, the threshold of orofacial
pain in rats was detected, and it was found that the
threshold of mechanical pain decreased significantly in
ovariectomized rats, which was reversed after estrogen
treatment, which further confirmed this speculation.
This is consistent with previous studies on the effect
of estrogen on somatosensory pain. RaulSanoja et al.
found that obvious mechanical hyperalgesia appeared
in the abdomen, hindpaw and tail area of adult female
ovariectomized mice. Estrogen supplementation can
reverse this hyperalgesia (Sanoja & Cervero, 2008).

In this experiment, the average orofacial tempera-
ture of rats increased significantly under the condition
of low estrogen. Previous studies have shown that an
increase in body surface average temperature, abnormal
thermoregulatory function and transient hot flushes in
rats under low-estrogen conditions, which is due to the
balance between glutamatergic and GABAergic neurons
in the thermoregulatory pathway, which involves the
LPB, is disrupted in rats, resulting in the disturbance
of central thermoregulatory functions (Sun et al. 2020;
Bansal; Aggarwal, 2019). The LPB is not only a key
node in thermoregulation but also an important site
for orofacial temperature signal transmission; thus, we
speculate that dysregulation of the LPB leads to abnor-
malities not only in general thermoregulation but also
in orofacial thermoregulation, leading to an increase
in the temperature of the orofacial region. Thus, it is
also possible that an increase in orofacial temperature
can further exacerbate the mechanical sensitivity of the
orofacial region.

There are some limitations in the study, as the exper-
imental animals did not examine changes in estrogen
levels but only observed the vaginal smears, uterine
morphology and body weight instead. In future studies,
we will test the concentration of estradiol in serum
to ensure the success of ovariectomized modeling,
eliminate bias and obtain more reliable results.

Summary and prospect:

Our results suggested that the equilibrium of glutamate
and GABA neurons in the orofacial pain and tempera-
ture sensation pathway is broken under low-estrogen
conditions, which eventually leads to a decrease in
the oral and facial mechanical pain threshold and an
increase in temperature. The neuroendocrine mecha-
nism underlying the development of orofacial dyses-
thesia in perimenopausal women was explored in this
study from a neurobiological point of view and provided
related morphological evidence, providing a new theo-
retical basis for the identification of therapeutic targets
for orofacial dysesthesia. Therefore, finding an effec-
tive way to maintain the balance of these two kinds
of neurons could be a new target for the treatment
of burning mouth syndrome.
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