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Purpose: The anterior cingulate cortex (ACC) plays a critical role in the initiation, develop-

ment, and maintenance of neuropathic pain. Recently, the effects of optical stimulation on pain 

have been investigated, but the therapeutic effects of optical stimulation on trigeminal neuralgia 

(TN) have not been clearly shown. Here, we investigated the effects of optical inhibition of the 

ACC on TN lesions to determine whether the alleviation of pain affects behavior performance 

and thalamic neuron signaling.

Materials and methods: TN lesions were established in animals by generating a chronic 

constriction injury of the infraorbital nerve, and the animals received injections of AAV-hSyn-

eNpHR3.0-EYFP or a vehicle (phosphate-buffered saline [PBS]) in the ACC. The optical fiber 

was fixed into the ipsilateral ACC after the injection of adeno-associated virus plasmids or vehicle. 

Behavioral testing, consisting of responses to an air puff and cold allodynia, was performed, 

and thalamic neuronal activity was monitored following optical stimulation in vivo. Optical 

stimulation experiments were executed in three steps: during pre-light-off, stimulation-light-on, 

and post-light-off states. The role of the optical modulation of the ACC in response to pain was 

shown using a combination of optical stimulation and electrophysiological recordings in vivo.

Results: Mechanical thresholds and facial cold allodynia scores were significantly improved 

in the TN lesion group during optical stimulation compared to those in the control group. Tha-

lamic neuronal activity, consisting of the firing rate (spikes/s) and burst rate (bursts/s), was also 

decreased during optical stimulation.

Conclusion: Reciprocal optical inhibition of the ACC can alleviate pain-associated behavior 

and decrease abnormal thalamic sensory neuron activity in the trigeminal neuropathic rat 

model. The descending pain pathway can modulate thalamic neurons from the ACC following 

optical stimulation.
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Introduction
Trigeminal neuralgia (TN) is a chronic neuropathic pain disorder and is known to be 

the one of the most painful diseases. It is characterized by relapsing intense sharp pain, 

numbness, and crawling or unpleasant sensations in the trigeminal area; however, the 

precise mechanism and fundamental treatment of this neuropathic disorder have not 

been fully determined.1 Characteristics of typical description of TN include mechanical 

allodynia, which is a hallmark of neuropathic pain.2
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The anterior cingulate cortex (ACC) is a cortical struc-

ture involved in processing pain affect with a limited role in 

sensory processing.3,4 The ACC is involved in the modulation 

and processing of pain affect, and these manipulations of 

the ACC alter the affective component of pain processing.5 

It is one of the minimally invasive alternatives to drugs for 

testing painful conditions.6 Support for the contribution of 

the ACC in pain affect can be found in experiments with 

rodent subjects.7 The ACC is a critical component of the 

neuroanatomical circuit involved in coordinating the appro-

priate behavioral response to threatening or noxious stimuli 

in the environment.8 The ACC is thought to contribute to 

the unpleasantness and salience of pain and the regulation 

of emotional information.9

The light-activated chloride pump halorhodopsin from 

Natronomonas pharaonis (NpHR) is hyperpolarized and 

inhibits the propagation of action potentials upon exposure 

to yellow light; it has been utilized for bidirectional control 

and is integrated with behavior.10–13 The ability to use light 

to inhibit neurons may have practical applications in basic 

science, as the NpHR system may be genetically targeted 

in specific classes of neurons involved in disease processes 

to enable precise optical therapeutic treatments.11 Neuronal 

activity related to various types of pain has been modulated 

using optogenetic tools in previous studies.14–16

In this study, we monitored pain-related behaviors in 

a rat model of trigeminal neuropathic pain generated by 

the chronic constriction of the rat infraorbital nerve. We 

examined whether the optical stimulation of halorhodopsin 

(NpHR) in the ACC relieved pain from TN lesions and 

accessed the modulation of neuronal activity in the thalamus.

Materials and methods
Animals
All animal experiments were performed in accordance with 

the approval of national guidelines and the National Institutes 

of Health guidelines and were approved by the ethic review 

committee of Chungbuk National University (CBNUR-1072-

17). Adult female Sprague Dawley rats (200–220  g; Dea 

Han Bio Link, Eumseong, South Korea) were maintained 

under regular housing conditions (12–12 h/light–dark cycle) 

and allowed access to laboratory food pellets and water ad 

libitum. Animal testing was performed using a randomized, 

double-blind, controlled animal trial, and animals were 

assigned a group designation on the same day. The timeline 

of experimental protocol is shown in Figure 1. A cage was 

randomly chosen from the pool of all cages and was not 

handled by the surgeon. Animals were removed from the 

cage for use in this study and given a permanent designation 

by the registrar.

Surgical preparation for TN models
The rats were randomly allocated to the sham-operated 

(n = 10) or the TN-lesioned (n = 14) groups. We generated a 

rat model of trigeminal neuropathic pain model by ligating the 

right infraorbital nerve. Rats were anesthetized with a mixture 

of 15 mg/kg Zoletil50® (tiletamine/zolazepam; Virbac Labo-

ratories, Carros, France) and 9 mg/kg Rompun® (xylazine; 

Bayer AG, Leverkusen, Germany) in saline and were mounted 

onto the surgical field. Surgical procedures were performed 

with the assistance of a surgical microscope (SWF 10X/22; 

WESCO, Pittsburgh, PA USA) for visual guidance.

The right infraorbital nerve under the skull was exposed 

in anesthetized rats using sterilized scissors, and a piece of 

3-0 nylon was loosely tied twice around the trigeminal nerve 

using microscope.17–19 Sham-operated animals were treated 

similarly, but the trigeminal nerve was not injured. The exact 

sample size (n = 10) required for contrasts was determined 

using the PASS 14 software (NCSS Inc., Kaysville, UT, USA; 

a = 0.05, power = 0.8). The surgeon successfully completed 

the operation, and the animals were delivered to the registrar. 

After surgery, animals were allowed to recover and were 

observed in a controlled environment.

Injection of adeno-associated viruses and 
implantation of optical fiber
The adeno-associated viral (AAV) vector plasmid AAV-

hSyn-eNpHR3.0-enhanced yellow fluorescent protein 

Figure 1 Timeline of this study.
Abbreviation: TN, trigeminal neuralgia.
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(EYFP) (Korea Institute of Science and Technology, Seoul, 

South Korea) or phosphate-buffered saline (PBS) was 

injected into the ACC (AP, bregma, +2.6 mm; ML, midline, 

+0.6 mm; DV, skull, –2.8 mm) to evaluate the behavioral 

changes and neuronal activity induced by optical stimula-

tion. We randomly divided the animals into two groups: 1) 

the vehicle control group (n = 4) and 2) the NpHR group 

(n = 10). Animals in the control group received a 3-mL 

injection of PBS. Animals in the NpHR group received 

a 3-mL injection of AAV-hSyn-eNpHR3.0-EYFP targeted 

to the ipsilateral ACC. The concentration of the viral vec-

tors was 2.3 × 1013 genome copies (GC)/mL.20 We made 

an incision in the skin over the skull and drilled a hole in 

the skull to inject the AAV plasmids or PBS into the ACC 

using a Hamilton syringe and an automated microsyringe 

pump (Harvard Apparatus, Holliston, MA, USA) at a flow 

rate of 0.5 mL/min.21 After the injection was complete, the 

syringe was maintained in place for 10 minutes to allow the 

solution to absorb.

After the injection of the AAV plasmid or PBS, an opti-

cal fiber (200-mm core, 230-mm outer diameter, numerical 

aperture of 0.48, hard polymer cladding type; Doric Lenses, 

Québec City, QC, Canada) was implanted into the skull to 

send a laser pulse to the ipsilateral ACC. The optical fiber was 

firmly fixed in place with dental cement (Ortho-Jet Pound 

Package; Lang Dental, Wheeling, IL, USA).

Optical stimulation
We used a power supply (ADR-700D; ADR, Shanghai, 

China) with an output power of 10 mW and a light of wave-

length of 589 nm. The laser properties were modulated by a 

waveform generator (Keysight 33511B-CFG001; Keysight, 

Santa Rosa, CA, USA) that allowed us to control the fre-

quency, pulse square, and pulse width. The laser intensity 

was set at 1 mW, with continuous light exposure for optical 

stimulation. Optical modulation was performed prior to 

(pre), during (laser-on), and after (post) optical stimulation 

for 10 minutes during each step.

Behavior tests
Measurement of mechanical thresholds in the air-puff 
tests
Rats were place in a plexiglas cage (20 × 20 × 14 cm) with 

a grid bottom and were habituated to the environment for at 

least 30 minutes in a quiet place. An air puff (output pres-

sure: ~100 psi) was administered (duration of continuous air 

puff, 4 s; duration of interval between puffs, 10 s) to the right 

facial area. The air flowed through a narrow tubing tip and 

was released at a 90° angle; the puff emerged ~1 cm from the 

face. The presence of aggressive behaviors, such as biting or 

turning the head, was evaluated. Mechanical thresholds were 

evaluated and represented >50% of the overall responses. The 

test was stopped if the animal did not respond to a stimulus 

of at least 40 psi.22

Measurement of the mean facial cold allodynia 
scores
Rats were placed in the same clear plexiglas cage describe 

earlier and were allowed to habituate to the environment 

for 30 minutes in a quiet place. Facial cold allodynia was 

estimated using the acetone drop method.23 We dropped 

acetone (100 mL) on the ipsilateral side of the face using a 

glass syringe while counting the number of indicators, such 

as scratching or rubbing, that occurred during 2 min. This 

assessment did not include parts of the body other than the 

face. The pain response behavior was assessed on each day 

before and after surgery.24

Extracellular recordings in vivo
At least 2  weeks after optical fiber implantation, animals 

in the vehicle group (n = 4) and the NpHR group (n = 4) 

that had received TN lesions were anesthetized with 15 mg/

kg tiletamine/zolazepam and 9  mg/kg xylazine in saline. 

Extracellular recordings were obtained from the ventral 

posteromedial nucleus (AP: -3.5 mm; ML: +2.8 mm; DV: 

-6.0 mm) using a quartz-insulated carbon electrode (Kation 

Scientific, Minneapolis, MN, USA). We recorded neuronal 

activity, which was digitized (40 kHz) with a Digital Lynx 

SX data acquisition system (Neuralynx Inc., Bozeman, MT, 

USA). Similar standard neuronal waveform shapes in the 

recorded neuronal activity were identified, and selected simi-

lar patterns of spike clusters were detected using SpikeSort 

3D software (Neuralynx Inc.).

Analysis of the bursting and firing rates
The activity in thalamic neurons can be divided into bursts 

rates (bursts/s) and overall firing rates (spikes/s), according 

to the type of optical stimulation, using NeuroExplorer soft-

ware (Neuralynx Inc.). Activity was assessed for 10 minutes 

in each state: pre, laser-on, and post states. We defined burst 

rates as a group of spikes with a maximum 4 ms interval 

between spikes and a minimum of three spikes, with a 100 ms 

interval between bursts. We compared and selected similar 

interspike interval histograms.
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Confocal microscopy
Rats were transcardially perfused with 0.9% saline con-

taining10,000 IU of heparin (Hanlim Pharm, Seoul, South 

Korea), followed by 4% paraformaldehyde (Biosesang, 

Seongnam, South Korea). Brains were extracted and fixed 

overnight in 4% paraformaldehyde, followed by dehydration 

in 30% sucrose. Coronal sections of the ACC were cut on a 

cryotome (Thermo Fisher Scientific, Waltham, MA, USA). 

Free-floating brain slices were preserved in 0.08% sodium 

azide (Sigma-Aldrich Co., St Louis, MO, USA) in PBS at 

4°C. A confocal microscope (Carl Zeiss Meditec AG, Jena, 

Germany) with ZEN microscope software (LSM710 system; 

Carl Zeiss Meditec AG) was used to capture the images of 

fluorescent.

Statistical analysis
Data were analyzed using GraphPad Prism (GraphPad 

Software, Inc., San Diego, CA, USA), and data from the 

behavior test and the in vivo recordings are shown as mean 

± standard deviation (SD). We performed either an unpaired 

t-test, two-way analysis of variance (ANOVA) with Tukey’s 

post hoc test, or a repeated measures test, depending on the 

conditions of the experiment. Behavioral tests were assessed 

based on the mean values for each of the three optical states. 

Unpaired t-tests were used to compare firing rate between 

TN and sham-operated animals.

Results
Behavioral responses to mechanical 
thresholds and facial cold allodynia after 
chronic constriction injury of the rat 
infraorbital nerve
We measured the air-puff thresholds (psi) and counted the 

indicator scores after the cold acetone test to assess the induc-

tion of mechanical thresholds and facial cold allodynia in the 

TN-lesioned animals. The animals with TN showed a decrease 

in their thresholds and increased indicator scores compared 

with sham-operated animals. TN lesions significantly 

decreased mechanical thresholds from 22.00 ± 3.65 psi to 

8.80 ± 3.79 psi, with a two-way ANOVA showing a significant 

difference after surgery, F (1,36) = 91.33, p < 0.001, and the 

cold allodynia scores increased significantly from 13.10 ± 

3.63 to 23.50 ± 1.78 (mean ± SD), with a two-way ANOVA 

also showing a significant difference after surgery, F (1,36) = 

105.2, p < 0.001. An ANOVA with Tukey’s post hoc test was 

used to determine whether there were differences between 

different groups and days (Figure 2A and B).

Behavioral responses associated with 
mechanical thresholds and cold allodynia 
in response to optical stimulation of the 
ACC
We assessed the facial allodynia-associated behaviors 

after 3 weeks following the injection of either AAV-hSyn-

eNpHR3.0-EYFP or vehicle and optical stimulation of the 

ACC. We used the air-puff test and cold allodynia scores to 

examine facial allodynia. Optical stimulation of the ACC 

increased mechanical thresholds in the TN-NpHR animals 

(24.00 ± 3.55 at the pre state, 7.20 ± 5.35 at the yellow laser-on 

state, and 13.00 ± 4.19 at the post state [mean ± SD]) compared 

to the sham-operated animals (23.50 ± 1.78 at the pre state, 

23.40 ± 1.95 at the yellow laser-on state, and 24.00 ± 3.55 at the 

post state). A two-way ANOVA showed significant effects of 

optical stimulation, F (2,81) = 180.9, p < 0.001, and differences 

between groups, F (2,81) = 12.24, p < 0.001 (Figure 3A). Facial 

allodynia scores decreased in the TN-NpHR animals (4.20 

± 0.63 psi at the pre state, 15.6 ± 6.38 at the yellow laser-on 

state, and 6.80 ± 2.53 at the post state [p < 0.05]) compared 

to the scores for the sham-operated animals (5.40 ± 2.11 psi 

at the pre state, 6.00 ± 2.10 at the yellow laser-on state, and 

7.60 ± 2.21 at the post state; Figure 3B). A two-way ANOVA 

showed significant effects of optical stimulation, F (2,81) = 

58.31, p < 0.001, and differences between the groups, F (2,81) 

= 17.9, p < 0.001. Optical stimulation of the ACC with a yellow 

laser increased the air-puff thresholds in TN animals expressing 

NpHR but not in the vehicle-treated animals.

Neuronal activity in the ventral 
posteromedial thalamus following optical 
stimulation of the ACC using NpHR
To confirm the neuronal activity, we monitored firing rates 

of posteromedial thalamic neurons between sham-operated 

(n = 4) and TN-lesion (n = 8) rats. Spontaneous firing 

rates were significantly higher in TN-lesion rats (14.28 ± 

7.7  spikes/s) compared with those in sham-operated rats 

(7.81 ± 4.43 spikes/s, unpaired t-test, p < 0.01; Figure 4A).

We assessed the effects of optical stimulation of the ACC 

in the TN-NpHR group (n = 4), and the thalamic firing rates 

were 13.43 ± 6.36 at the pre state, 4.80 ± 4.46 at the yellow 

laser-on state, and 12.00 ± 6.51 at the post state (Figure 4B). 

A two-way ANOVA showed significant effects of optical 

stimulation, F (2,2142) = 641.2, p < 0.001, and differences 

between the groups, F (5,2142) = 153.9, p < 0.001. Burst rates 

also appeared to decrease during optical stimulation in the 

TN-NpHR group; the thalamic burst rates were 0.57 ± 0.68 
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at the pre state, 0.38 ± 0.71 at the yellow laser-on state, and 

0.44 ± 0.79 at the post state (Figure 4C). A two-way ANOVA 

showed significant effects of optical stimulation, F (2,2394) = 

5.32, p < 0.01. Optical stimulation of the ACC with a yellow 

laser decreased thalamic discharge in the NpHR group but 

not in the sham-operated group. Abnormal thalamic firing 

reappeared at the post state (>20 min).

Confocal microscopy
We observed the expected expression of AAV-hSyn-

eNpHR3.0-EYFP in the ACC and confirmed the correct 

localization and expression of the optogenetic viral vectors. 

Confocal imagining revealed that EYFP was highly expressed 

and localized in the ACC, and we observed that NpHR was 

highly expressed and localized in the ACC (Figure 5).

Discussion
Efficient optical stimulation of the ACC using halorhodopsin 

improved mechanical and cold allodynia and changed the 

thalamic output in a trigeminal neuropathic pain model. 

Importantly, optical stimulation of the ACC has an effect on 

the thalamus that ultimately affects the pain sensory system.

The ACC is also involved in pain modulation. Emotional 

states affect the degree of unpleasantness associated with 

pain, and the magnitude of this effect often correlates with 

altered pain-evoked ACC activations.25,26

The cingulate cortex is a key component of the limbic 

system, and the anterior cingulate gyrus plays an important 

role in the integration of nociceptive, motor, affective, and 

memory functions.27 The ACC is of particular importance for 

the perception and evaluation of the unpleasantness of pain, 

which is an integral part of the limbic system and is central 

for processing the emotional aspects of pain.27,28 Based on 

accumulating evidence from both human beings and animals, 

ACC is important for pain-related perception and thus is 

likely a target for pain relief therapy.21 Synaptic activation in 

the ACC induced by nerve injury is critical for the generation 

and maintenance of neuropathic pain, including pain-related 

synaptic potentiation, and can prevent or alleviate neuropathic 

pain hypersensitivity.29,30

Figure 2 Facial allodynia behavior test.
Notes: Changes in the mechanical thresholds of the sham-operated and TN-lesioned rats were assessed for 2 weeks using air puffs. TN-lesioned rats (n = 14) responded at 
significantly lower ipsilateral mechanical thresholds than sham-operated rats (n = 10) (A). Cold allodynia scores for sham-operated and TN-lesioned rats were obtained over 
2 weeks by dropping acetone on the animal’s face. TN-lesioned rats exhibited a significant increase in ipsilateral facial allodynia compared to sham-operated rats (B). All data 
represent the mean ± SD values. The two-way ANOVA followed by Tukey’s post hoc test was used. **p < 0.01, and ***p < 0.001 for comparisons between each groups.
Abbreviations: TN, trigeminal neuralgia; SD, standard deviation; ANOVA, analysis of variance.
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Figure 3 Results of the pain allodynia behavior test according to optical stimulation in the pre, laser-on, and post states.
Notes: Mechanical thresholds were increased (A), and the cold allodynia scores were decreased (B) during optical stimulation. All data are presented as mean ± SD. The 
two-way ANOVA followed by Tukey’s post hoc test was used. **p < 0.01, and ***p < 0.001 for comparisons between each groups.
Abbreviations: SD, standard deviation; ANOVA, analysis of variance; TN, trigeminal neuralgia; NpHR, Natronomonas pharaonis.
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The chronic constriction injury of TN is caused by a 

proximal compression of the trigeminal nerve root close to 

the brain stem. TN is comparable to what has previously been 

described for chronic pain conditions and appears to reflect 

the cortical adaptation to long-term, high-frequency pain per-

ception.31 Activity in the ACC, hippocampus, and temporal 

lobe is negatively correlated to the disease duration, and these 

structures may be important for the development of pain.32

The TN neuropathic pain model exhibits abnormal tha-

lamic discharge, which increases painful responses to noxious 

stimuli, similar to that found in peripheral injury models.33 

This abnormal discharge is modulated by the nociceptive or 

emotional area in the ACC. As shown in extensive electro-

physiological recordings, neurons within the ACC respond 

to noxious stimuli and are activated during pain anticipa-

tion.34,35 Electrical stimulation of the medial thalamic nuclei 

produced an increase in the signal in the ACC, suggesting that 

the medial thalamus is involved in the affective motivational 

component of pain.36 Electrophysiological data have been 

presented that describe excitatory responses of neurons to 

nociceptive stimulation in the ventromedial thalamus.37 The 

thalamic nuclei are included in the sensory discriminative 

and affective motivational components of pain and receive 

the different sets of projections from ACC and frontal corti-

cal regions.33,38 Thalamic nuclei are suggested to modulate 

responses to neuropathic pain. It will be particularly inter-

esting to optogenetically control the excitatory to inhibitory 

ratio in the ACC by targeting glutamatergic (excitatory) 

and gamma-aminobutyric acid (GABA)ergic (inhibitory) 

neurons39 and altering neurotransmitter release probability in 

ACC synapses in models of chronic pain.40 There was some 

possibility of inhibition of glutamatergic neurons in our study, 

but the majority of the ACC neurons seem to be inhibitory.21,28 

Although the ACC-to-thalamic connection in the efferent 

pathway is still debated, the ACC influences the thalamus 

indirectly via inhibitory neurons. Neurons in the deep layers 

of the ACC also send their projections directly or indirectly 

to the dorsal horn of the spinal cord.41 Optical inactivation of 

GABAergic neuron in ACC influences the descending pain 

pathway, alleviating trigeminal-associated pain.

Optical stimulation of NpHR-transfected glutamater-

gic neurons in the ACC is postulated to decrease abnor-

mal thalamic discharge, rather than influencing thalamic 

disinhibition.

We postulated that NpHR transfection of glutamatergic 

neurons and the optical stimulation of the ACC via NpHR 

would result in a decrease in abnormal thalamic discharges 

rather than thalamic disinhibition.

Cingulotomy has been successfully used to treat intrac-

table cancer42,43 and noncancerous pain.44 ACC deep-brain 

stimulation in chronic neuropathic pain in human has been 

reported to result in pain relief.45 Optical inhibition via 

NpHR acts as an optical scalpel to disrupt the transmission 

of the abnormal pain signals to the thalamus; we observed 

a reduction in pain-associated responses and a decrease in 

spontaneous activity in thalamic neurons.

In the rat model of TN neuropathic pain rat model, 

the optogenetic inhibition of the ACC via NpHR altered 

Figure 5 A confocal image shows AAV-hSyn-eNpHR3.0-EYFP expression in the ACC.
Notes: Illustration showing the position of the ACC (A). Fluorescent images show DAPI and EYFP staining, as well as the merge between these markers (×200; B–D) in 
the ACC.
Abbreviations: AAV, adeno-associated virus; ACC, anterior cingulate cortex; DAPI, 4’,6-diamidino-2-phenylindole; EYFP, enhanced yellow fluorescent protein.
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the thalamic discharges and improved pain behaviors. 

Optogenetic silencing of the principal neurons in organo-

typic hippocampal cultures has been shown to suppress 

stimulation-induced burst activity, with silencing achieved 

by yellow light illumination of slices expressed NpHR.46,47 

The NpHR system enables the precise optical control of 

neural circuits, and these fast, genetically based, neural-

spike-controlling technologies can powerfully augment 

existing tools used for evaluating neural systems.48–54 Upon 

light stimulation, NpHR inhibits the generation of action 

potentials.11 Halorhodopsin is a light-gated ion pump, specific 

for chloride ions. Among its many isoforms, halorhodopsin 

from NpHR has been used to achieve inhibition of action 

potentials in neurons in mammalian systems.10 Recent 

optogenetic applications for stimulating indirect pathways 

in the cortex and thalamus are leading to both revisions and 

consolidations of previous concepts concerning the direct and 

indirect pathways. In this study, we optogenetically modu-

lated inhibitory pathways between the ACC and thalamus; 

therefore, our model is limited to optogenetic examinations 

of the thalamic inhibitory synapses.

This study has some limitations. We used an AAV-hSyn-

eNpHR3.0-EYFP viral vector, which can nonspecifically 

transfect both excitatory and inhibitory neurons. Optical 

stimulation via NpHR may affect both excitatory and inhibi-

tory neurons, and we did not perform immunohistochemistry 

for specific glutamate or GABA cell types. We cannot state 

that our results are due to excitatory or inhibitory neuronal 

function. This needs further study using specific viral promo-

tors or transgenic models. Brain functional and anatomical 

studies to link the descending pain modulatory system from 

the brain stem in processing nociceptive pain.55 We induced 

a chronic constriction injury of the infraorbital nerve, per-

formed optical stimulation of the ACC, and electrophysi-

ologically monitored ventral posteromedial nucleus activity 

in the brain, but we did not monitor activity in the medulla 

or at the spinal cord level.

Conclusion
Optical stimulation of the ACC improved mechanical pain 

and facial cold allodynia and altered the abnormal activity 

of thalamic neurons in a rat model of trigeminal neuropathic 

pain. Furthermore, optogenetic inhibition of the ACC might 

modulate thalamic discharge. Optical inhibition of the ACC 

via NpHR may serve as an optical scalpel in the trigeminal 

neuropathic pain model. This conclusion is supported by 

previous studies of pain behaviors and the results of in vivo 

electrophysiological studies using NpHR. The role of optical 

modulation of the ACC in pain in vivo was examined using a 

combination of optical stimulation and electrophysiological 

recordings. Optical inactivation of GABAergic neurons in the 

ACC influence the descending pain pathway, and it decreases 

abnormal thalamic firing, therefore, alleviating trigeminal 

pain. The descending pain pathway can modulate thalamic 

neurons from the ACC in response to optical stimulation.
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