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Abstract
Background  Trigeminal neuropathic pain (TNP) is a chronic condition characterized by heightened nociceptive 
responses and neuroinflammatory changes. While astrocytes are recognized as critical players in pain modulation, 
their specific role in influencing descending trigeminal pain pathways via ventrolateral orbitofrontal cortex (vlOFC) 
activity modulation remains underexplored. Therefore, we investigated the impact of optogenetic modulation of 
astrocytes in the vlOFC on pain hypersensitivity in a rat model of chronic constriction injury of the infraorbital nerve 
(CCI-ION).

Method  Adult female Sprague Dawley rats underwent ION constriction to mimic TNP symptoms, with naive and 
sham animals serving as controls. AAV8-GFAP-hChR2-mCherry, AAV8-GFAP-eNpHR3.0-mCherry, or AAV8-GFAP-
mCherry were delivered to the vlOFC for in vivo optogenetic manipulation. Pain behaviors were assessed using 
acetone, von Frey, and elevated plus maze tests, while electrophysiological recordings from the ventrolateral 
periaqueductal gray (vlPAG) and ventral posteromedial (VPM) thalamus were obtained.

Results  Orofacial hyperalgesia, reduced vlPAG activity, and thalamic hyperexcitability were associated with vlOFC 
astrocytic hyperactivity in the TNP animals. In contrast, optogenetic inhibition of vlOFC astrocytes restored vlOFC 
glutamatergic signaling, increased vlPAG glutamatergic neuronal activity, and reduced hyperactivity in the VPM 
thalamus. Behavioral assessments also revealed alleviation of hyperalgesia, allodynia, and anxiety-like behaviors 
during the stimulation-ON phase, alongside reduced neuroinflammatory markers, including P2 × 3 and Iba-1. 
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Background
Trigeminal neuropathic pain (TNP) is a chronic and 
debilitating condition characterized by recurrent, severe 
pain in one or more branches of the trigeminal nerve, 
profoundly impairing patients’ quality of life [21]. The 
pathophysiology of TNP involves a complex interplay 
between peripheral inputs originating from the trigemi-
nal ganglion (TG) and central pain-processing regions, 
mediated by neurons, astrocytes, and microglia [9, 18, 
25]. Among the central nervous system (CNS) regions 
implicated in pain modulation, recent evidence highlights 
the orbitofrontal cortex (OFC) as playing a significant 
role in processing the sensory and affective dimensions of 
pain, alongside its established functions in decision-mak-
ing, emotion regulation, and reward processing. Notably, 
the ventrolateral OFC (vlOFC) has major glutamater-
gic projections to the ventrolateral periaqueductal gray 
(vlPAG), a key region in the descending pain processing 
pathway, suggesting its potential influence on pain mod-
ulation [17, 47].

Astrocytes, the most abundant glial cells in the CNS, 
are essential for maintaining homeostasis and support-
ing synaptic development [26]. They provide structural 
and metabolic support to neurons, influence neuronal 
networks through gliotransmitter release (e.g., ATP, glu-
tamate), regulate extracellular ion concentrations, and 
modulate synaptic transmission, making them promis-
ing targets for restoring homeostasis in dysregulated 
neural networks [28, 37]. Emerging evidence indicates 
that astrocytes become hyperactive under chronic neuro-
pathic pain (CNP) conditions, perpetuating pathological 
pain states [7, 10]. Although the role of astrocytes in TNP 
remains underexplored, our recent study demonstrated 
their critical involvement in sustaining TNP through 
activity in the trigeminal nucleus caudalis (TNC) [24]. 
However, their role in the descending pain processing 
pathway remains poorly understood. Therefore, investi-
gating the functional role of astrocytes in the vlOFC may 
provide key insights for developing therapeutic strate-
gies, particularly given the challenges posed by the TNC’s 
deep brain location for direct neuromodulatory interven-
tions in clinical applications.

The advent of optogenetic techniques has enabled 
precise in vivo manipulation of astrocyte activity using 

astrocyte-specific promoters and light-sensitive opsins. 
Recent studies demonstrated the feasibility of stimulat-
ing spinal astrocytes in live rats, highlighting the thera-
peutic potential of suppressing astrocyte hyperactivity 
for CNP management [2, 38]. Advances in non-invasive 
methods, such as transcranial light delivery and red-
shifted ChrimsonR opsin, have further enhanced the 
feasibility of targeting cortical regions for clinical applica-
tions [4, 6, 30, 42, 45, 50, 54]. Therefore, investigating the 
functional role of astrocytes in the vlOFC, with its con-
nections to the vlPAG, may provide critical insights into 
developing potential therapeutic strategies for TNP. This 
approach addresses the challenges of deep brain targeting 
and leverages astrocytic roles in neural regulation, posi-
tioning superficial brain regions as key targets for future 
interventions.

Here, we utilized an optogenetic approach to selectively 
modulate astrocytic activity in the vlOFC of a chronic 
constriction injury of the infraorbital nerve (CCI-ION) 
rat model. We demonstrated that inhibiting hyperac-
tive astrocytes in the vlOFC alleviated TNP behaviors by 
modulating excitatory projections from the vlOFC to the 
vlPAG, thereby facilitating the descending pain process-
ing network in TNP.

Methods
Animals
A total of 44 female Sprague Dawley rats, aged 8 weeks 
and weighing between 200 and 250  g, were obtained 
from Koatech Bio, South Korea. The rats were kept in 
ventilated cages with autoclaved wood chip bedding 
under controlled environmental conditions, including a 
temperature of 23  °C, a 12-hour light/dark cycle, and a 
humidity level of 30%. Standard rodent food and water 
were provided ad libitum, except during experimental 
sessions. All surgical procedures and behavioral assess-
ments were conducted between 9:00 am and 6:00 pm. 
We exclusively used female animals, as trigeminal nerve 
injuries are known to occur more frequently in females 
compared to males [3].

However, astrocytic excitation and null virus controls did not alter TNP responses, underscoring the specificity of 
astrocytic inhibition.

Conclusion  These findings suggest that the astrocytic subpopulation in the vlOFC and its robust influence on vlPAG 
glutamatergic neurons play a crucial role in restoring descending pain processing pathways, potentially contributing 
to the development of novel therapeutic approaches for TNP management.

Keywords  Trigeminal neuropathic pain, Ventrolateral orbitofrontal cortex, Astrocytes, Ventrolateral periaqueductal 
gray, Optogenetics



Page 3 of 18Islam et al. The Journal of Headache and Pain           (2025) 26:41 

CCI-ION surgery and stereotaxic injection of optogenetic 
virus
To establish the TNP model, 24 rats underwent CCI-ION 
surgery following baseline assessments, as previously 
described [21]. All the animals were randomly assigned 
into three groups: TNP (n = 24), sham (n = 15), and naïve-
control (n = 5). For surgical procedures, general anesthe-
sia was induced using intraperitoneal injections of 9 mg/
kg xylazine (Rompun®, Bayer AG, Leverkusen, Germany) 
and 15  mg/kg Zoletil (Zoletil50®, Virbac Laboratories, 
Carros, France). A small incision was made along the 
curve of the frontal bone above the right eye to expose 
the ION. Using Dumont forceps, the ION was carefully 
separated from surrounding connective tissue and mus-
cle by blunt dissection. After that, two ligatures, spaced 
2–4  mm apart, were applied to the ION using 3 − 0 silk 
sutures. The incision was then closed with 3 − 0 silk 
sutures. The contralateral side was left unaltered in all 
rats. Sham-operated animals underwent the same surgi-
cal procedure without the placement of ligatures on the 
ION.

Following CCI-ION or sham surgery, the animals from 
both the TNP and sham groups were randomly divided 
into six subgroups: TNP-ChR2 (n = 8), TNP-NpHR 
(n = 8), TNP-Null (n = 8), Sham-ChR2 (n = 5), Sham-
NpHR (n = 5), and Sham-Null (n = 5). Each animal was 
then placed on a stereotaxic platform (Model: 68025, 
RWD Life Science, Guangdong, China) for precise opto-
genetic viral injection. To specifically target astrocytes in 
the vlOFC, we utilized adeno-associated viruses (AAVs) 
containing a red fluorescent protein (mCherry) under 
the astrocyte-specific GFAP promoter. AAV8-GFAP-
hChR2(H134R)-mCherry (8.14 × 10^13 GC/ml) and 
AAV8-GFAP-eNpHR3.0-mCherry (6.93 × 10¹³ GC/ml) 
optogenetic viruses were injected to express channelrho-
dopsin and halorhodopsin, respectively in the astrocytic 
populations, while AAV8-GFAP-mCherry (2.01 × 10¹⁴ 
GC/ml) served as the control or null virus. The viral 
vectors were provided by the KIST Viral Facility (Korea 
Institute of Science and Technology, Seoul, Republic of 
Korea). Under anesthesia, the body temperature of the 
animals was maintained at 36  °C using a heating pad 
throughout the procedure. Coordinates for the injec-
tion site were determined using the Paxinos rat brain 
atlas, with reference points defined as mediolateral (ML), 
anterior-posterior (AP) relative to the bregma, and dor-
soventral (DV) from the pial surface. A small incision was 
made to expose the skull, and a 1  mm hole was drilled 
at the coordinates for vlOFC contralateral to the CCI-
ION side (3.8 mm AP, -2 mm ML, -4.8 mm DV). Using a 
Hamilton syringe, the viral vectors were injected into the 
vlOFC at a rate of 0.2 µL/min using an automated micro-
syringe pump (KD Scientific Legato® 130 Syringe Pump, 
Harvard Apparatus, Holliston, MA, USA). Each animal 

received a 2 µL injection. To ensure proper viral diffu-
sion and minimize leakage, the syringe was kept in place 
for five minutes after the injection. Once the needle was 
carefully withdrawn, the incision was sutured. All surger-
ies were conducted under aseptic conditions. After sur-
gery, rats were housed individually in cages with sterile 
bedding to allow recovery and observed daily for the next 
five days. The experimental timeline and procedures are 
summarized in supplementary Fig. 1. Naïve-control ani-
mals did not undergo any surgical interventions.

Behavior tests
All behavioral assessments were conducted by a 
researcher blinded to the group assignments. Tests were 
performed one day before the CCI-ION surgery (base-
line test) and subsequently every 7th day for three weeks 
post-surgery. Behavioral evaluations were completed 
over a two-day period each week. On the first day, the 
electronic von Frey (EVF) test was conducted first, fol-
lowed by the cold hyperalgesia test. On the second day, 
the elevated plus maze test was performed. Each animal 
was given a two-hour rest period between tests, during 
which they were returned to their home cages.

Mechanical threshold test
Mechanical sensitivity of the ipsilateral orofacial region 
was assessed using an EVF machine (Electronic Von 
Frey, cat. no. 38450, including controller 38450-001 
with software, and Von Frey Applicator 38450-004; Ugo 
Basile, China) [14, 51]. The EVF system is an improved 
alternative to traditional von Frey filaments, eliminat-
ing the need for multiple filaments and reducing experi-
menter bias by employing a hand-held force sensor with 
a rigid metal probe. This system enables a gradual and 
controlled application of force, with selectable ranges 
of 0–50 g, measured with 0.1 g sensitivity. The included 
software tools aid in applying force linearly using a rate-
meter and slope adjustment, allowing precise detection 
of facial withdrawal thresholds. Following a 30-minute 
habituation period in a plexiglass cage, the EVF machine 
was brought near rats for adaptation. Rats were granted 
a short duration to investigate the filament before their 
removal. The stimuli were presented once the animals 
had acclimated to the filament’s presence near the central 
area of the vibrissal pad within the ipsilateral ION area. 
The stimulation intensity was increased gradually. The 
minimum force (measured in grams) required to elicit 
pain-related or defensive behaviors, such as rapid with-
drawal, escape attempts, biting, grabbing, or asymmetric 
facial stroking, was recorded [19]. Each test was repeated 
three times, and the mean threshold was calculated for 
analysis.
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Cold Hyperalgesia Test
For the cold hyperalgesia assessment, the animals were 
placed in a plexiglass cage in a quiet environment for 
30  min to allow habituation. A glass syringe was then 
used to apply a few drops of acetone to the ipsilateral 
vibrissal pad on the CCI-ION side of the face. Reflexive 
behaviors, such as rubbing or grooming of the ipsilat-
eral facial region accompanied by vigorous head shak-
ing, were observed and recorded for 2  min. Grooming 
or movements involving regions other than the orofacial 
area were excluded [19]. Each test was repeated three 
times with a five-minute interval, and the mean of the 
scores was calculated.

Elevated plus maze test
The elevated plus maze (EPM) test was conducted to 
evaluate anxiety-like behavior, following previously 
established protocols. The EPM consisted of two open 
arms (50 × 10 cm) and two closed arms (50 × 10 × 40 cm) 
extending from a central platform (10 × 10 cm), elevated 
50  cm above the ground. After a 30-minute habitua-
tion period in a quiet environment, each rat was placed 
in the central platform of the maze, facing an open arm, 
and allowed to explore for 10 min. A video camera posi-
tioned overhead and Toxtrac software were used to track 
parameters such as the total distance traveled, the num-
ber of entries into open arms (OA) and closed arms (CA), 
and the time spent in each arm. An entry into an arm was 
defined as the animal crossing completely into the arm 
with all four paws. The percentage of time spent in the 
open arms (OA time%) and the percentage of open arm 
entries (OA entry%) were calculated as indicators of anxi-
ety [19]. These were computed as follows:

	 OA time%= (OA time/ [OA time + CA time]) × 100

	

OA entry%= (OA entries
/ [OA entries + CA entries]) × 100

These metrics provided a measure of the animal’s aver-
sion to open spaces, which reflects innate anxiety levels.

In vivo electrophysiology and optic fiber cannula 
implantation
To ensure optimal viral expression, in vivo recordings 
and fiber cannula implantation were conducted after 
three weeks of optogenetic virus injection. Extracellular 
recordings were performed on anesthetized rats (15 mg/
kg Zoletil® and 9  mg/kg xylazine) inside a Faraday cage 
under quiet and low-light conditions. The animals were 
secured in a stereotaxic apparatus, and a craniotomy was 
performed above the vlPAG and VPM thalamic region at 
the coordinates: AP, -8 mm; ML, -0.6 mm; DV, -6.0 mm 
and AP, 3.5 mm; ML, 2.8 mm; DV, -6.0 mm, respectively. 

A fiber optic cannula (MFC_200/230–0.48_###_ZF2.5_
A45, Doric Lenses, Quebec City, Quebec, Canada) was 
placed stereotaxically, positioned 0.2  mm dorsal to the 
viral injection site in the vlOFC. For extracellular record-
ings, a quartz-insulated carbon microelectrode (E1011-
20, Carbostar-1, Kation Scientific, Minneapolis, MN, 
USA) was first stereotaxically placed in the vlPAG ipsi-
lateral to the optic fiber and subsequently in the VPM 
thalamus contralateral to the optic fiber. Ground and ref-
erence wires were anchored to the skull screws, connect-
ing the electrode to an electronic interface board (EIB-36, 
Neuralynx, USA).

Neuronal signals from the vlPAG and VPM were 
acquired using the Cheetah Acquisition System (Neural-
ynx, USA) connected to the EIB-36 headstage and pre-
amplifiers. Data were processed with a Digital Lynx SX 
data acquisition system (Neuralynx, Bozeman, USA), 
with signals filtered between 0.9 and 5  kHz and a sam-
pling rate of 32 kHz [24]. Acute evoked recordings, were 
performed during alternating light-off and light-on con-
ditions in the vlOFC. Evoked responses were triggered 
by applying a 10  g von Frey filament to the ipsilateral 
whisker pad. Each recording session lasted approximately 
two hours without the need for additional anesthesia. 
Once the recording from both vlPAG and VPM were per-
formed, the cannula was affixed to the skull using dental 
cement and Superbond (Ortho-jet Pound Package, Lang 
Dental, Wheeling, IL, USA). Following the recordings, 
animals were allowed a seven-day recovery period in 
their home cages before subsequent experiments.

The recorded data were analyzed using Spikesort 
3D software to isolate and identify distinct waveform 
clusters. Single units were defined as distinct extracel-
lularly recorded neuronal spikes that exhibited a con-
sistent waveform shape, peak-to-peak amplitude, and 
clear refractory periods, ensuring they originated from 
individual neurons rather than multi-unit activity. Only 
well-isolated clusters with stable firing properties were 
considered for further analysis. These single-unit activi-
ties were exported to NeuroExplorer (version 5, Nex 
Technologies, Colorado Springs, USA). This software 
enabled comprehensive spike train analysis, including 
rate histograms, raster plots, and burst analyses. Burst 
firing was defined as a group of at least three spikes with 
a maximum interval of 4 ms between spikes, with an 
interval of 100 ms between bursts. Inter-spike interval 
histograms were used to ensure consistency in burst pat-
tern comparisons among groups.

Optogenetic modulation parameters
For the NpHR groups, we used a diode-pumped solid-
state (DPSS) laser emitting yellow light at a 593  nm 
wavelength (Model: YL589T3-010FC, Shanghai Laser & 
Optics Century Co. Ltd., Shanghai, China), connected to 
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a monofiber optic patch cord. Yellow light with an output 
power of 10 mW was supplied for 5 min using a power 
supply (ADR-700D; ADR, Shanghai, China). The laser’s 
power and waveform were controlled using a waveform 
generator (Keysight 33511B-CFG001; Keysight, Santa 
Rosa, CA, USA). For optical stimulation, we employed 
a 20 Hz frequency, and 4 ms pulse width. Animals were 
subjected to continuous 593 nm illumination at a mini-
mum irradiance of 0.4 mW/mm² to ensure complete 
spiking inhibition (Bansal et al., 2020).

For the ChR2 groups, a laser power supply emitting 
blue light at a 473 nm wavelength (BL473T3-100, ADR-
700D, Shanghai, China) was used in conjunction with the 
waveform generator to regulate the waveform and pulse 
width of the laser. The laser was set to an intensity of 
10 mW, a pulse width of 4 ms, and a pulse frequency of 
20 Hz [2,14,69]. Intermittent blue light was delivered via 
the cannula optic fiber equipped with a rotary joint patch 
cable.

Behavior tests with optic stimulation
One week after completing the electrophysiologi-
cal experiments, the animals were taken to the behav-
ioral assessment area again and allowed to habituate for 
30 min before the testing session began. Behavioral tests 
were conducted during both laser stimulation (on) and 
non-stimulation (off) conditions. For five minutes, vlOFC 
astrocytes were either inhibited with yellow laser light or 
stimulated with blue laser light, after which the behav-
ioral tests were conducted under the same conditions. In 
both stimulation-off and on instances, the tethered fiber 
system and associated equipment were connected during 
the procedure.

Immunostaining and histological examination
All the animals were exposed to optogenetic stimula-
tion for 10  min before being deeply anesthetized using 
a Zoletil/xylazine mixture. Transcardial perfusion was 
performed using PBS followed by 4% paraformalde-
hyde (PFA). The brain and trigeminal ganglia (TG) were 
extracted, fixed in 4% PFA overnight, and subsequently 
immersed in a 30% sucrose solution. The tissues were 
cryopreserved and embedded in an optimal cutting tem-
perature (OCT) compound (Tissue Tek®, Sakura, USA). 
Cryostat Sect.  (20  μm thick) were prepared for immu-
nostaining. The sections were fixed in acetone for 10 min, 
blocked with 10% normal goat serum at room tempera-
ture for 1 h, and incubated overnight at 4 °C with primary 
antibodies: mouse anti-GFAP (1:250, ab68428, Abcam), 
mouse anti-c-fos (1:1000, ab208942, Abcam), mouse anti-
Iba1 (1:100, ab283319, Abcam), and mouse anti-CGRP 
(1:50, ab81887, Abcam), rabbit anti-VGLUT2(1:250, 
ab216463, Abcam). Following washes, the sections were 
incubated at room temperature for 2  h with secondary 

antibodies conjugated to Alexa Fluor 488 (ab150077, 
ab150113, Abcam, ab 150080). DAPI-containing mount-
ing medium (H-2000, Vectashield®, Vector Laboratories 
Inc., Burlingame, CA) was used to mount the sections 
with coverslips. Imaging was performed using a fluores-
cence microscope equipped with cellSens Standard or 
OlyVia 2.4 software (Olympus Corp., Tokyo, Japan).

For quantitative analysis, three coronal sections from 
each targeted region were selected for each immunohis-
tochemical marker. mCherry fluorescence intensity was 
quantified by measuring the red channel signal. A refer-
ence region near the injection site was used to establish 
background fluorescence, which was subtracted from the 
integrated density to calculate the corrected total cell flu-
orescence (CTCF). ImageJ software (National Institutes 
of Health, MD, USA) was employed to measure and com-
pare the mean fluorescence intensity across groups.

To evaluate P2 × 3 expression in the TNC, chromogenic 
immunohistochemistry was performed. Frozen sections 
fixed in acetone were pre-incubated for one hour in 2.5% 
normal horse serum before incubation with a recombi-
nant anti-P2 × 3 antibody (1:50, ab300493, Abcam) over-
night at 4  °C. After washing, the sections were treated 
with biotinylated anti-mouse/rabbit IgG and processed 
using an avidin-biotin HRP detection system with an 
ABC kit (PK-7200, Vector Laboratories, Burlingame, CA) 
and DAB substrate kit (SK-4100, Vector Laboratories, 
Burlingame, CA). P2 × 3 expression was quantified using 
the color detection feature in the immunohistochemical 
image analysis toolbox of ImageJ software.

Statistical analysis
The data are expressed as mean ± standard deviation 
(SD). Sample sizes were determined using G*Power soft-
ware (version 3.1.9.4, Germany) and prior experimental 
considerations. Rats with inadequate viral expression 
were excluded from the study. Statistical analyses were 
performed using ordinary one-way ANOVA (for equal 
group size), non-parametric repeated measures Fried-
man test, or non-parametric Kruskal-Wallis test (for 
unequal group size) to compare three or more different 
groups. For comparisons between two groups, either a 
paired t-test or an unpaired t-test was used, depending 
on the experimental condition. Statistical significance 
was indicated as follows: *P < 0.05, **P < 0.01, ***P < 0.001, 
and ****P < 0.0001. All statistical evaluations were carried 
out using GraphPad Prism software (version 9.1.0, Inc., 
San Diego, CA, USA).

Results
Behavioral hypersensitivity and upregulation of vlOFC 
astrocytes post-CCI-ION surgery
Following the CCI-ION surgery, animals in the TNP 
group exhibited persistent mechanical hypersensitivity, 
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heightened nocifensive behavior, and anxiety-like symp-
toms across all behavioral response analyses, while ani-
mals in the sham and naïve-control groups displayed 
negligible alterations, indicating a successful establish-
ment of the TNP model (Fig. 1, Supplementary Table 1). 
The experimental timeline for behavioral testing and the 

surgical procedure for CCI-ION are illustrated in Fig. 1A 
and B, respectively.

The mechanical threshold measured by the EVF 
revealed a progressive decrease in the mechanical 
threshold in TNP animals over three weeks post-sur-
gery, from 13.22 ± 1.19 gm to 8.23 ± 1.60 gm (non-para-
metric repeated measures Friedman test, Friedman 

Fig. 1  Behavioral hypersensitivity after CCI-ION surgery. (A) Behavior tests conducting timeline. (B) CCI-ION model making procedure. (C) Ipsilateral orofa-
cial mechanical withdrawal threshold measured by EVF machine. (D) Ipsilateral orofacial cold hyperalgesia score with cold acetone drops. (E-F). Results of 
the elevated plus maze test; Time spent in open arm in % (E); Total entries in the open arm in % (F). *** p < 0.001, **** p < 0.0001; non-parametric repeated 
measures Friedman test analysis within the same group. # p < 0.05, ## p < 0.01, ### p < 0.001, #### p < 0.0001; non-parametric Kruskal-Wallis analysis 
among different groups. Data are presented as the mean ± SD. (G) c-Fos and NeuN positive immunostaining and their colocalization from the trigeminal 
ganglion of the TNP and sham groups. Scale bar = 200 μm (whole section); 100 μm (magnified section). (H) Quantification of c-Fos-positive NeuN in the 
trigeminal ganglion of the TNP (n = 8) and sham (n = 8) groups. Data are presented as the mean ± SD; unpaired t-test, **** P < 0.0001
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statistic = 52.05, p < 0.0001; Fig.  1C). In comparison, the 
mechanical thresholds of the sham (13.60 ± 2.10  g) and 
naïve-control groups (12.75 ± 1.76 g) remained relatively 
unchanged, indicating that CCI-ION specifically induced 
mechanical hypersensitivity.

The CH score increased substantially in TNP animals, 
rising from 21.57 ± 5.96 to 32.58 ± 3.02 (non-paramet-
ric repeated measures Friedman test, Friedman statis-
tic = 48.15, p < 0.0001; Fig.  1D) during the three-week 
observation period. This score was significantly higher in 
TNP animals compared to sham (26.74 ± 2.60) and naïve-
control groups (17.24 ± 1.59), highlighting enhanced 
nocifensive behavior due to CCI-ION.

In the EPM test, TNP animals showed a marked reduc-
tion in both OAT and OAE scores, measures of anxiety-
like behavior. The OAT decreased from 0.50 ± 0.12  s to 
0.31 ± 0.14  s (non-parametric repeated measures Fried-
man test, Friedman statistic = 34.36, p < 0.0001; Fig.  1E), 
and the OAE declined from 0.42 ± 0.06 to 0.32 ± 0.09 
(non-parametric repeated measures Friedman test, 
Friedman statistic = 26.07, p < 0.001; Fig. 1F) by the third 
week. Sham and naïve-control groups exhibited signifi-
cantly higher OAT (0.60 ± 0.08 s, 0.56 ± 0.02 s) and OAE 
(0.44 ± 0.06, 0.47 ± 0.05) scores, suggesting that the CCI-
ION induces anxiety-like behavior commonly associated 
with TNP.

IFC analysis revealed heightened expression of c-Fos, 
a marker of neuronal activation, co-localized with 
NeuN in the TG of TNP animals. This finding indicates 
elevated TG activity, likely contributing to the modula-
tion of the TNP sensory pathway. In contrast, the sham 
group showed minimal or insignificant c-Fos-positive 
NeuN expression in the TG (Fig. 1G and H). In addition, 
we observed a marked increase in active CGRP expres-
sion in the TG of TNP animals (Supplementary Fig.  2). 
CGRP, a neuropeptide implicated in nociceptive signal-
ing and neurogenic inflammation, is known to play a 
crucial role in the sensitization and transmission of pain 
signals within the trigeminal system. This elevated CGRP 
expression was not observed in sham-operated animals, 
highlighting its specific association with the TNP condi-
tion induced by CCI-ION.

IFC analysis also revealed a significant upregulation 
of GFAP expression in the vlOFC of TNP animals, indi-
cating enhanced astrocytic activation (Fig.  2A-D). This 
upregulation was notably absent or minimal in the vlOFC 
of sham-operated (Fig. 2E-H) and naïve-control (Fig. 2I-
L) animals, underscoring the specificity of astrocytic 
responses to the CCI-ION surgery. Quantitative analy-
sis demonstrated a significantly marked increase in the 
number of GFAP-labeled astrocytes in the vlOFC of TNP 
animals three weeks post-CCI-ION compared to sham 
and naïve groups (Fig.  2M). These findings align with 
previous studies suggesting that astrocytic activation is 

a hallmark of trigeminal nerve injury, commonly associ-
ated with behavioral hyperalgesia [24, 41].

Inhibition of vlOFC astrocytic activity alleviates TNP 
behavioral responses
To investigate the role of astrocytic activity in the vlOFC 
in modulating TNP, we employed astrocyte-specific viral 
constructs using AAV8 engineered with a GFAP pro-
moter. These constructs drove the expression of either 
the inhibitory opsin eNpHR3.0-mCherry, the excitatory 
opsin hChR2(H134R)-mCherry, or a control vector 
mCherry (Fig.  3A). Unilateral viral injections were per-
formed in the vlOFC, and transduction efficiency was 
assessed seven weeks post-injection. mCherry fluores-
cence intensity analysis showed no significant differences 
among groups, confirming comparable viral expression 
(Supplementary Fig. 3).

The astrocyte specificity of the viral constructs was 
validated by the co-localization of mCherry with GFAP. 
Analysis revealed active GFAP expression in the vlOFC 
areas transduced with ChR2 and Null viruses, while 
significantly lower GFAP expression was observed in 
regions transduced with the NpHR virus (Fig. 3B and C). 
These findings indicate that NpHR-mediated optogenetic 
stimulation effectively suppressed astrocytic activity in 
the vlOFC.

To evaluate the impact of astrocytic modulation on 
TNP-related behaviors, animals underwent behavioral 
tests under both optic stimulation-off and stimulation-on 
conditions. Optic stimulation was initiated three min-
utes before and continued throughout the duration of the 
behavior tests during the stimulation-on condition. The 
TNP-NpHR group exhibited significant improvements 
in all behavioral parameters during the stimulation-on 
condition compared to stimulation-off. In the EVF test, 
the mechanical threshold increased from 9.68 ± 0.89  g 
(stimulation-off) to 11.20 ± 0.81 g (stimulation-on; paired 
t-test, (t, df ) = (5.342, 7), p < 0.01; Fig. 3D). Similarly, the 
CHT score decreased from 38.92 ± 3.61 to 32.13 ± 2.28 
(paired t-test, (t, df ) = (3.685, 7), p < 0.01; Fig.  3E). In 
the EPM test, the open arm time (OAT) increased from 
0.36 ± 0.1 to 0.44 ± 0.05 (paired t-test, (t, df ) = (2.831, 7), 
p < 0.05; Fig. 3F), while open arm entries (OAE) increased 
from 0.38 ± 0.07 to 0.49 ± 0.04 (paired t-test, (t, df ) = 
(4.701, 7), p < 0.0; Fig. 3G). The representative trajectory 
of TNP-ChR2, TNP-NpHR, and TNP-Null groups in the 
EPM test are shown in Fig. 3H-J, respectively.

In contrast, no significant alterations were observed in 
behavioral scores of the TNP-ChR2, TNP-Null, Sham-
ChR2, Sham-NpHR, and Sham-Null groups under optic 
stimulation (Fig.  3D-G; Supplementary Table 2). This 
suggests that inhibition of astrocytic activity in the vlOFC 
via NpHR has a significant antinociceptive effect in TNP 
conditions. The absence of behavioral changes in the 
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ChR2 group likely reflects a ceiling effect, as astrocytes in 
the TNP condition are already in a hyperactive state, and 
further activation did not enhance sensitivity. Similarly, 
the null virus group, which lacks the functional modifica-
tion of astrocytes, served as a control and did not induce 
any behavioral changes.

Inhibition of vlOFC astrocytic activity enhances vlOFC-
vlPAG glutamatergic projections and facilitates vlPAG 
activity
To explore the role of vlOFC astrocytes in modulating 
descending pain pathways, we investigated how astro-
cytic inhibition affects neural activity in the vlPAG. 
Using in vivo single-unit extracellular recordings, we 
assessed vlPAG firing rates and burst activity in both 
sham and TNP animals (Fig. 4A and B). Following CCI-
ION surgery, TNP animals exhibited a significant reduc-
tion in both the mean firing rate and burst firing activity 
of vlPAG neurons compared to sham animals (Fig.  4C 
and D). This diminished vlPAG activity aligns with the 

impaired descending pain modulation observed in neu-
ropathic pain states.

Optogenetic inhibition of astrocytic activity in the 
vlOFC, achieved via GFAP-NpHR-mediated stimulation, 
significantly restored vlPAG neuronal activity in TNP-
NpHR animals. During optic stimulation-on conditions, 
the mean firing rate of vlPAG neurons increased from 
9.77 ± 2.40  Hz to 12.78 ± 2.43  Hz (paired t-test, (t, df ) = 
(3.645, 7), p < 0.01; Fig. 4E), and burst firing activity rose 
from 0.06 ± 0.03 bursts/s to 0.11 ± 0.02 bursts/s (paired 
t-test, (t, df ) = (4.592, 7), p < 0.01; Fig. 4F). Furthermore, 
vlOFC astrocytic inhibition enhanced firing frequency 
(impulses per second) and increased burst traces in the 
vlPAG of TNP-NpHR animals, as shown in Fig. 4G and 
H. In contrast, optogenetic stimulation of vlOFC astro-
cytes in TNP-ChR2 and TNP-Null groups did not alter 
vlPAG neuronal activity, suggesting that suppression 
of astrocytic activity, rather than its activation, is key to 
restoring descending pain modulation in TNP conditions 
(Supplementary Table 3).

Fig. 2  CCI-ION surgery-induced astrocytic hyperactivation in the vlOFC. (A-D) Representative immunofluorescence image of GFAP-positive expression 
in the vlOFC of the TNP group. (E-H) Representative immunofluorescence image of GFAP-positive expression in the vlOFC of the sham group. (I-L) Repre-
sentative immunofluorescence image of GFAP-positive expression in the vlOFC of the naïve-control group. Scale bar = 200 μm (A, E, I); 50 μm (B-D, F-H, 
J-L). (M) Quantification of GFAP expression in the vlOFC from TNP (n = 8), sham (n = 8), and naïve-control (n = 5) groups; non-parametric Kruskal-Wallis test 
analysis, Kruskal-Wallis statistic = 15.20, ** p < 0.01, *** p < 0.001. Data are presented as the mean ± SD
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Fig. 3 (See legend on next page.)
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To validate these findings, we performed IFC analysis 
of glutamatergic neurons in both the vlOFC and vlPAG. 
Optogenetic inhibition of astrocytic activity in the vlOFC 
significantly increased the expression of glutamatergic 
neurons in the vlOFC of TNP-NpHR animals compared 
to TNP-ChR2 and TNP-Null groups (Supplementary 
Fig.  4). This heightened glutamatergic activity in the 
vlOFC subsequently influenced glutamatergic projections 
to the vlPAG, as reflected by increased glutamatergic 
activity in the vlPAG of TNP-NpHR animals (Fig. 4I-K).

These results provide robust evidence that astrocytic 
inhibition in the vlOFC facilitates descending pain mod-
ulation through enhanced vlOFC-vlPAG glutamatergic 
signaling. Increased glutamatergic activity in the vlOFC 
stimulates vlPAG neurons, thereby improving descending 
pain processing and alleviating nociceptive hypersensi-
tivity in TNP animals.

Inhibition of vlOFC astrocytic activity reduces VPM neural 
discharge
To investigate the influence of vlOFC astrocytic activity 
on spinothalamic nociceptive processing, we recorded 
neural activity from the VPM thalamus, a critical relay 
in pain signaling pathways (Fig. 5A and B). TNP animals 
exhibited significantly heightened tonic firing and burst 
firing rates in the VPM compared to sham animals, indic-
ative of enhanced nociceptive transmission (Fig. 5C and 
D, respectively). This increased neuronal activity reflects 
the hyperexcitable state of the VPM thalamus in TNP 
conditions, consistent with its role in amplifying pain 
perception.

Then we performed VPM thalamic recording with optic 
stimulation off and on conditions. Optogenetic inhibition 
of astrocytic activity in the vlOFC, mediated by GFAP-
NpHR, significantly reduced VPM neural activity in 
TNP-NpHR animals. During optic stimulation-on con-
ditions, the mean firing rate of VPM neurons decreased 
compared to the stimulation-off condition (from 
27.37 ± 3.76 Hz to 14.72 ± 2.68 Hz (paired t-test, (t, df ) = 
(6.864, 7), p < 0.001; Fig. 5E), demonstrating a clear sup-
pression of hyperactive thalamic output. Similarly, burst 
firing rates in the VPM were significantly attenuated fol-
lowing inhibition of vlOFC astrocytes (from 0.17 ± 0.03 
to 0.08 ± 0.03 bursts/s (paired t-test, (t, df ) = (4.646, 7), 
p < 0.01; Fig.  5F), further supporting the modulatory 

influence of vlOFC astrocytic inhibition on thalamic 
activity. Additionally, vlOFC astrocytic activity inhibition 
decreased firing frequency (impulses per second) and 
reduced burst traces in the VPM thalamus of TNP-NpHR 
animals, as illustrated in Fig.  5G and H, respectively. In 
contrast, optogenetic stimulation of vlOFC astrocytes 
in TNP-ChR2 and TNP-Null groups did not alter VPM 
thalamic activity, suggesting that suppression of vlOFC 
astrocytic activity, rather than its activation, is a poten-
tial approach to modulating spinothalamic projections 
and reducing nociceptive VPM thalamic hyperactivity in 
TNP conditions (Supplementary Table 4).

To validate the electrophysiological findings, we ana-
lyzed c-Fos expression, a marker of neuronal activation, 
in the VPM thalamus. Optogenetic inhibition of vlOFC 
astrocytes in the TNP-NpHR group significantly reduced 
c-Fos expression compared to the TNP-ChR2 and TNP-
Null groups (Fig.  5I-K), confirming the suppression of 
VPM thalamic hyperactivity.

These results indicate that vlOFC astrocytic inhibition 
mitigates VPM thalamic hyperactivity, as evidenced by 
decreased firing rates and neuronal activation markers. 
This reduction in VPM thalamic activity likely reflects 
diminished nociceptive input and aligns with enhanced 
descending pain modulation via the vlOFC-vlPAG 
pathway.

Decreased P2 × 3 and Iba-1 expression in the vlOFC 
following astrocytic inhibition
P2 × 3 receptors, key purinergic receptors involved in 
nociceptive signaling, get elevated in astrocytes dur-
ing TNP, reflecting enhanced nociceptive drive. In our 
study, optogenetic inhibition of astrocytic activity in the 
vlOFC using GFAP-NpHR significantly decreased P2 × 3 
expression in the vlOFC of TNP-NpHR animals com-
pared to TNP-ChR2 and TNP-Null groups (Fig.  6A-G). 
This reduction in P2 × 3 immunoreactivity suggests that 
suppression of astrocytic activity mitigates nocicep-
tive inputs, creating conditions conducive to activating 
descending pain inhibition pathways.

We also examined Iba-1 expression, a marker of 
microglial activation, which is frequently upregulated in 
chronic pain states, contributing to neuroinflammation 
and sensitization of pain circuits. Our findings revealed 
that inhibition of vlOFC astrocytic activity significantly 

(See figure on previous page.)
Fig. 3  Optogenetic inhibition of the vlOFC astrocytes attenuates pain hypersensitivity and associated anxiety behaviors. (A) Schematic representation 
of viral vector injections and optic stimulation in the vlOFC. (B) Quantification of GFAP fluorescence intensity (%) in TNP-ChR2 (n = 8), TNP-NpHR (n = 8), 
and TNP-Null (n = 8) group in response to optic stimulation; ordinary one-way ANOVA analysis, F (2, 21) = 69.91, **** p < 0.0001. Data are presented as the 
mean ± SD. (C) Representative immunofluorescence image of colocalized GFAP expression and mCherry expression in TNP-ChR2, TNP-NpHR, and TNP-
Null group; scale bar = 50 μm. (D) Ipsilateral orofacial mechanical withdrawal threshold with optic stimulation off and on condition from different groups 
(paired t-test). (E) Ipsilateral orofacial cold hyperalgesia score with optic stimulation off and on condition from different groups (paired t-test). (F) Time 
spent in open arms of the EPM with optic stimulation off and on condition from different groups (paired t-test). (G) Number of entries in the open arms 
of the EPM with optic stimulation off and on condition from different groups (paired t-test). (H) Representative trajectory images of TNP groups in the 
EPM with optic stimulation off and on condition
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Fig. 4 (See legend on next page.)
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reduced Iba-1 expression in TNP-NpHR animals com-
pared to TNP-ChR2 and TNP-Null groups (Fig.  6H-Q). 
By decreasing microglial-astrocytic communication, neu-
roinflammatory signals that perpetuate pain were likely 
diminished in the TNP-NpHR group. This reduction in 
inflammation further enhances the environment for acti-
vating descending pain modulation pathways.

Discussion
In this study, we investigated the role of astrocytes in the 
vlOFC in modulating descending pain pathways and their 
therapeutic potential in alleviating TNP. Using an opto-
genetic approach, we selectively inhibited hyperactive 
astrocytes in the vlOFC, which led to significant restora-
tion of descending pain modulation. This was evidenced 
by enhanced glutamatergic activity in the vlPAG, as 
shown by increased neuronal firing rates and burst activ-
ity, and by the attenuation of hyperactive spinothalamic 
relay activity in the VPM thalamus, reflected in reduced 
firing rates, burst activity, and c-Fos expression. Behav-
iorally, these mechanistic changes corresponded to the 
alleviation of nociceptive hypersensitivity in the EVF and 
CH tests, along with reduced anxiety-like behaviors in 
the EPM test. The suppression of astrocytic hyperactivity 
in the vlOFC restored its glutamatergic output, enhanc-
ing vlPAG activity and improving descending pain modu-
lation. Therefore, these findings highlight that inhibiting 
vlOFC astrocytic activity rebalances excitatory-inhibitory 
dynamics across cortical and subcortical pain-modu-
latory networks, mitigating hyperalgesia and anxiety 
associated with TNP and advancing our understand-
ing of astrocytes as potential therapeutic targets in TNP 
management.

Trigeminal nerve injury, a hallmark of TNP, is charac-
terized by orofacial hyperalgesia, heightened nocicep-
tive responses, and increased neuropeptide expression, 
accompanied by astrocytic hyperactivation [10, 29]. 
Astrocytic hyperactivity has been shown to contribute to 
behavioral hyperalgesia commonly observed in TNP, as 
well as anxiety-like responses that are often secondary to 
pain [24, 39]. These pathological features are particularly 
evident in rodent models of CCI-ION, which effectively 
replicate key aspects of TNP [20, 21]. The ION is a purely 
sensory nerve in rodents, originating from the second 
branch of the trigeminal nerve, which is critical for facial 

tactile and pain sensation. In clinical cases, drug-resis-
tant trigeminal pain often involves the second and third 
branches of the trigeminal nerve and disrupts sensory 
transmission [1, 19]. Consistent with these observations, 
our study demonstrated that CCI-ION animals exhibited 
reduced nociceptive thresholds, enhanced anxiety-like 
behaviors, and elevated GFAP expression in vlOFC, a 
marker of astrocytic activation [53]. This astrocytic acti-
vation amplifies nociceptive signaling by regulating neu-
rotransmitter dynamics, such as glutamate and GABA, 
while perpetuating neuroinflammatory responses, 
including P2 × 3 and Iba-1 activation, which disrupt the 
excitatory-inhibitory balance in critical pain-modulatory 
regions and sustain CNP [5, 15, 32, 33].

The vlOFC plays a pivotal role in descending pain 
modulation through its glutamatergic projections to the 
vlPAG. In CNP, the function of the vlOFC becomes sig-
nificantly impaired, as evidenced by reduced glutama-
tergic output to the vlPAG [17, 44, 52]. This disruption 
is largely attributed to astrocytic hyperactivity, which 
induces profound changes in neurotransmitter dynam-
ics and neuronal activity within the vlOFC. Hyperactive 
astrocytes excessively uptake extracellular glutamate via 
high-affinity transporters, such as GLT-1 and GLAST, 
resulting in a depletion of synaptic glutamate. This 
reduction in glutamate availability dampens the activa-
tion of postsynaptic NMDA and AMPA receptors on 
excitatory neurons, thereby suppressing glutamatergic 
output [12, 17, 40]. Concurrently, astrocytes can synthe-
size and release GABA through the enzymatic conver-
sion of glutamate or by metabolizing putrescine, leading 
to increased extracellular GABA levels. This enhances 
inhibitory signaling by activating GABA_A and GABA_B 
receptors on neighboring neurons, further shifting the 
excitatory-inhibitory balance toward inhibition [16, 36]. 
In addition to modulating neurotransmitter availability, 
astrocytes release gliotransmitters such as ATP, which is 
converted extracellularly to adenosine. Adenosine acts 
on presynaptic A1 receptors to inhibit glutamate release 
from excitatory neurons while promoting GABA release 
from inhibitory neurons, thereby reinforcing inhibitory 
signaling [34, 43]. Intracellular calcium waves within 
astrocytes further amplify these effects by selectively 
interacting with GABAergic neurons, enhancing their 
activity through paracrine signaling and gap junctions. 

(See figure on previous page.)
Fig. 4  Inhibition of vlOFC astrocytes increased vlPAG neural activity. (A) Schematic diagram of in vivo single unit extracellular recording from vlPAG. (B) 
Representative IHC image of the vlPAG coronal section shows the electrode placement in the vlPAG. (C) Mean firing rate from the vlPAG of TNP (n = 8) and 
sham (n = 8) group; unpaired t-test, (t, df ) = (8.86, 14), p < 0.0001. (D) Burst rate from the vlPAG of TNP (n = 8) and sham (n = 8) group; unpaired t-test, (t, df ) 
= (4.19, 14), p < 0.001. (E) Increased mean firing rate of vlPAG in response to optogenetic inhibition of vlOFC astrocytes in the TNP-NpHR group (paired t-
test). (F) Increased burst rate of vlPAG in response to optogenetic inhibition of vlOFC astrocytes in the TNP-NpHR group (paired t-test). (G) Representative 
vlPAG discharge (lower, presented in frequency, impulse per second) with raw traces (upper) during stimulation-off and stimulation-on conditions in the 
TNP-NpHR group. (H) Representative burst traces of the TNP-NpHR group from the vlPAG during stimulation-off and stimulation-on conditions in vlOFC 
astrocytes. (I-K) Representative immunofluorescence image of VGluT-positive neurons in the vlPAG of TNP-ChR2 (I), TNP-NpHR (J), and TNP-Null (K) group 
in response to optogenetic inhibition of vlOFC astrocytes
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Fig. 5 (See legend on next page.)
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This increased GABAergic tone suppresses local excit-
atory circuits, compounding the reduction in glutamater-
gic output from the vlOFC to the vlPAG [23]. Astrocytic 
hyperactivity also alters the extracellular ionic environ-
ment, actively buffering potassium (K+) and releasing 
hydrogen ions (H+), which hyperpolarize glutamater-
gic neurons, reducing their excitability. Simultaneously, 
changes in chloride gradients enhance the activity of 
GABAergic neurons, further tipping the balance in favor 
of inhibition [49]. Consequently, the vlOFC’s regula-
tory role over the vlPAG is impaired, perpetuating the 
chronic pain condition observed in CCI-ION animals. 
These findings emphasize the mechanistic role of astro-
cytes in modulating neurotransmitter dynamics within 
the vlOFC-vlPAG pathway and their contribution to the 
persistence of pain states in CNP.

To investigate vlOFC astrocytic activity in TNP and its 
antinociceptive potential, we used optogenetic inhibi-
tion in this study. The descending pain processing path-
way, which modulates and suppresses pain signals at 
multiple CNS levels, represents a key therapeutic target 
for neuropathic pain. Unlike ascending pathways, which 
primarily transmit nociceptive signals, descending path-
ways actively regulate pain perception, making them 
critical for interventions [35]. The vlOFC, as a key node 
in this pathway, provides insights into pain modulation 
and resilience. Recent advancements in non-invasive 
neuromodulation, such as transcranial light delivery, 
offer precise, non-invasive methods to modulate cortical 
brain activity safely and effectively. Innovations like near-
infrared opsins and sono-optogenetics further enhance 
optogenetic interventions by improving light penetration 
and the modulation of specific neurons and glial cells [4, 
6, 30, 42, 45, 50, 54]. Anatomically, the vlOFC, located 
in the ventrolateral prefrontal cortex, is more accessible 
compared to deeper subcortical structures like the thal-
amus, vlPAG, or TNC, reducing risks associated with 
invasive targeting. Its accessibility, coupled with its estab-
lished role in descending pain pathways, highlights the 
vlOFC as a promising and clinically viable target for non-
invasive, patient-friendly neuromodulatory interventions 
in neuropathic pain management.

Our study demonstrated that optogenetic inhibition of 
astrocytes in the vlOFC effectively alleviated behavioral 

hypersensitivity in the CCI-ION rat model by modulat-
ing critical mechanisms involved in pain processing. This 
inhibition led to a marked enhancement of glutamatergic 
expression within the vlOFC and a concurrent reduc-
tion in the expression of P2 × 3 and Iba-1, both of which 
are crucial markers of nociceptive signaling and neuro-
inflammation. P2 × 3, a purinergic receptor expressed in 
neurons and glial cells, plays a significant role in medi-
ating ATP-driven nociceptive signaling. The propaga-
tion of calcium ion waves inside astrocytes is thought 
to be intrinsic to ATP release, forming a foundation for 
intercellular communication. Recent work suggests that 
similar communication may also take place between 
astrocytes and neurons, highlighting a bidirectional 
mechanism where astrocytic ATP release influences 
neuronal activity and vice versa. The observed decrease 
in P2 × 3 expression following astrocytic inhibition sug-
gests reduced extracellular ATP availability, leading to 
the attenuation of nociceptive inputs. This reduction in 
ATP signaling likely disrupts the pathological amplifica-
tion of pain signals mediated by the astrocyte-neuron 
interaction, contributing to the observed behavioral 
improvements. These findings further emphasize the 
role of astrocytic calcium signaling and ATP release as 
pivotal components in nociceptive modulation [13, 27]. 
Similarly, Iba-1, a marker of microglial activation, was 
significantly reduced, indicating a suppression of microg-
lial-driven neuroinflammatory processes. Since activated 
microglia release pro-inflammatory cytokines that sensi-
tize pain pathways, this reduction in Iba-1 underscores 
the role of astrocytic inhibition in dampening the inflam-
matory cascade associated with chronic neuropathic pain 
[31]. These changes likely resulted from the restoration 
of the excitatory-inhibitory balance within the vlOFC, 
driven by reduced glutamate uptake by astrocytes.

Restoring the excitatory-inhibitory balance in the 
vlOFC facilitated enhanced glutamatergic signaling, 
which played a pivotal role in strengthening the vlOFC’s 
glutamatergic projections to the vlPAG [8, 17, 52]. Elec-
trophysiological analysis confirmed this reactivation, 
showing increased neuronal firing rates and burst activity 
in the vlPAG. These changes indicate heightened excit-
atory drive from the vlOFC, likely due to improved syn-
aptic glutamate signaling. The elevated burst activity is 

(See figure on previous page.)
Fig. 5  Inhibition of vlOFC astrocytes reduced VPM thalamic hyperactivity. (A) Schematic diagram of in vivo single unit extracellular recording from VPM 
thalamus. (B) Representative IHC image of the VPM thalamus coronal section shows the electrode placement in the vlPAG. (C) Mean firing rate from the 
VPM thalamus of TNP (n = 8) and sham (n = 8) group; unpaired t-test, (t, df ) = (14.92, 14), p < 0.0001. (D) Burst rate from the VPM thalamus of TNP (n = 8) 
and sham (n = 8) group; unpaired t-test, (t, df ) = (4.24, 14), p < 0.001. (E) Decreased mean firing rate of VPM thalamus in response to optogenetic inhibi-
tion of vlOFC astrocytes in the TNP-NpHR group (paired t-test). (F) Decreased burst rate of VPM thalamus in response to optogenetic inhibition of vlOFC 
astrocytes in the TNP-NpHR group (paired t-test). (G) Representative VPM thalamic discharge (lower, presented in frequency, impulse per second) with 
raw traces (upper) during stimulation-off and stimulation-on conditions in the TNP-NpHR group. (H) Representative burst traces of the TNP-NpHR group 
from the VPM thalamus during stimulation-off and stimulation-on conditions in vlOFC astrocytes. (I-K) Representative immunofluorescence image of 
c-Fos-positive expression from the VPM thalamus of TNP-ChR2 (I), TNP-NpHR (J), and TNP-Null (K) group in response to optogenetic inhibition of vlOFC 
astrocytes
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particularly significant, as burst firing is associated with 
enhanced neural communication and increased synaptic 
efficacy, suggesting a more robust transmission of inhibi-
tory pain signals from the vlPAG to subsequent pain pro-
cessing centers. Immunohistochemical analysis further 
supported these findings, showing increased glutamater-
gic expression in the both vlOFC and vlPAG, which aligns 
with the functional improvement in these regions [11, 46, 
48]. The impact of the reactivated vlOFC-vlPAG path-
way extended downstream to the VPM thalamus, a key 
relay in the spinothalamic tract responsible for transmit-
ting orofacial nociceptive signals to higher brain centers. 
The strengthened descending modulation suppressed the 
hyperactive thalamic outputs that are characteristic of 
neuropathic pain states. This suppression was evidenced 
by reduced neuronal firing rates and burst activity in the 
VPM, indicating diminished nociceptive transmission. 
Moreover, decreased c-Fos expression, a marker of neu-
ronal activation, further corroborated the reduction in 
thalamic hyperactivity. These findings suggest that the 
reactivation of the vlOFC-vlPAG pathway exerted inhibi-
tory control over the VPM, dampening its excitatory out-
puts and effectively mitigating the amplification of pain 
signals within the ascending pain pathway [22, 24]. These 
findings highlight the pivotal role of astrocytic inhibition 
in restoring descending pain modulation pathways, effec-
tively linking vlOFC astrocytic activity to broader neu-
ral networks involved in both descending and ascending 
pain regulation.

In contrast, optogenetic excitation of vlOFC astro-
cytes and null virus controls did not significantly affect 
TNP-related responses. Astrocytic excitation likely exac-
erbated hyperactivity, leading to excessive glutamate 
clearance, reduced synaptic glutamate availability, and 
impaired glutamatergic activation in the vlOFC. This dis-
ruption weakened excitatory input to the vlPAG, com-
promising the descending pain inhibitory pathway. The 
null virus group, lacking functional astrocytic modula-
tion, served as a control and confirmed the specificity of 
astrocytic inhibition in driving the observed therapeutic 
effects. Taken together, these findings emphasize the crit-
ical role of astrocytic regulation in the vlOFC for restor-
ing descending pain modulation, alleviating hyperalgesia, 
and mitigating neuroinflammation.

In our study, there are a few limitations. We only exam-
ined female animals. The animals did not receive any 

analgesics post-surgery to avoid anticipatory analgesic 
effects on the neuropathic pain process. Anesthetic drugs 
might have an impact on neural discharge during neu-
ral activity recording; however, we provoked the ipsilat-
eral whisker pads with von Frey filaments to avoid such 
influences.

Conclusion
This study highlights the critical role of astrocytes in the 
vlOFC in modulating descending pain pathways and their 
therapeutic potential for alleviating TNP. While astro-
cytes are essential for maintaining glutamate homeosta-
sis under normal conditions, our findings demonstrate 
that selective inhibition of astrocytic hyperactivity in 
the CCI-ION model may contribute to modulating the 
excitatory-inhibitory balance, potentially influencing glu-
tamatergic signaling and reactivating the vlOFC-vlPAG 
pathway. This reactivation led to improved descending 
pain modulation, attenuation of hyperactive spinotha-
lamic relay activity in the VPM thalamus, and alleviation 
of nociceptive hypersensitivity and behavioral symp-
toms. By targeting astrocytes, we provide evidence for a 
dual mechanism of pain modulation: (1) suppression of 
glial-driven neuroinflammation and excessive inhibitory 
signaling, and (2) restoration of neuronal excitatory sig-
naling critical for functional connectivity within descend-
ing pain pathways. This integrated approach highlights 
the interplay between astrocytic regulation and neuronal 
activity in resolving TNP, addressing a key limitation of 
neuron-focused interventions that overlook glial contri-
butions. The vlOFC’s anatomical accessibility enhances 
the translational potential of this strategy, making it 
feasible for non-invasive neuromodulatory techniques. 
Future research should explore the long-term efficacy of 
astrocytic inhibition in the vlOFC, particularly its impact 
on the cognitive and emotional dimensions of TNP, to 
develop comprehensive and patient-centric therapies tar-
geting both sensory and neuroinflammatory components 
of this debilitating condition.
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