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Abstract

Background: Anterior cingulate cortex (ACC) is a critical brain center for chronic pain 

processing. Dopamine signaling in the brain has been demonstrated to contribute to descending 

pain modulation. However, the role of ACC dopamine receptors in chronic neuropathic pain 

remains unclear.

Objective: In this study, we investigated the effect of optogenetic activation of ACC dopamine 

receptors D1- and D2-expressing neurons on trigeminal neuropathic pain.

Methods: Chronic constriction injury of infraorbital nerve (CCI-ION) was carried out to induce 

trigeminal neuropathic pain in mice. We conducted optogenetic stimulation to specifically activate 

D1- and D2-expressing neurons in the ACC. Western blotting and immunofluorescence staining 

were used to examine ACC D1 and D2 expression and localization. The von Frey and real-time 

place preference tests were performed to measure evoked mechanical pain and nonreflexive 

emotional pain behaviors, respectively.
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Results: We observed that dopamine receptors D1 and D2 in the ACC are primarily expressed in 

excitatory neurons and that the D2 receptor is differentially regulated in the early and late phases 

of trigeminal neuropathic pain. Optogenetic activation of D1-expressing neurons in the ACC 

markedly exacerbates CCI-ION-induced trigeminal neuropathic pain in both early and late phases, 

but optogenetic activation of D2-expressing neurons in the ACC robustly ameliorates such pain in 

its late phase.

Conclusion: Our results suggest that dopamine receptors D1 and D2 in the ACC play different 

roles in the modulation of trigeminal neuropathic pain.
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Dopamine receptors; Anterior cingulate cortex; Trigeminal neuropathic pain; Optogenetic 
stimulation

1. INTRODUCTION

Dopamine signaling in the brain is involved in descending pain modulation. Previous studies 

have shown that the regulation of dopamine receptors can be used as a therapeutic approach 

for trigeminal neuralgia [1–4], which is characterized by chronic neuropathic pain in facial 

skin innervated by trigeminal nerve [5,6,3,7]. Anterior cingulate cortex (ACC) is a critical 

brain center for chronic pain processing, especially for its affective component [8–10]. 

Dopamine receptors in the ACC contribute to a number of neuropsychiatric and neurological 

disorders, including schizophrenia, depression, and pain [11,12,9,13–17]. However, it is 

unknown whether different dopamine receptors in the ACC differentially mediate pain 

modulation.

It has been demonstrated that dopamine receptors are metabotropic G protein-coupled 

receptors and they are divided into D1 subfamily (D1 and D5) and D2 subfamily (D2, D3, 

and D4). Our recent work revealed that activation of D1 and D2 receptors in the spinal 

trigeminal nucleus caudalis (Sp5C) oppositely modulates trigeminal neuropathic pain [18]. 

We further found that Sp5C D2, but not D1, mediates descending pain inhibition [18]. These 

results suggest that D1 and D2 receptors at the brainstem level (such as Sp5C) are 

differentially involved in the modulation of trigeminal neuropathic pain, but the role of these 

dopamine receptors at the cortical level in pain modulation is still unclear.

In the present study, we examine changes in expression of D1 and D2 receptors in the ACC 

after chronic construction nerve injury of the infraorbital nerve (CCI-ION), and we employ 

optogenetic stimulation to manipulate D1 or D2 receptor activity and investigate the effect of 

optogenetic activation of ACC D1- and D2-expressing neurons on CCI-ION-induced 

trigeminal neuropathic pain in both early and late phases.

2. MATERIALS AND METHODS

2.1. Animals

C57BL/6 wild-type male mice (8–10 weeks) from the Jackson Laboratory, D1-Cre and D2-

Cre transgenic male mice (8–10 weeks) on a C57BL/6 background [19–21] from GENSAT, 
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and Ai14 mice (B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J) on a C57BL/6 

background from the Jackson Laboratory were used. The mice were housed under standard 

conditions with a 12 h light-dark cycle, and water and food pellets were available ad libitum. 

Animal groups were assigned randomly. Mice were acclimated for 60 minutes prior to 

behavioral testing. All behavioral tests were conducted by an investigator who was blinded 

to the treatment group. All experiments comply with the guidelines of “Animal Research: 

Reporting of In Vivo Experiments (ARRIVE)” [22] and were conducted in accordance with 

the ethical guidelines of the National Institutes of Health for the care and use of laboratory 

animals. All efforts are made to minimize the suffering of animals and reduce the number of 

animals used. All experiments were approved by the Animal Care and Use Committee at the 

Texas A&M University College of Dentistry.

2.2. Trigeminal neuropathic pain mouse model

We carried out CCI-ION to induce trigeminal neuropathic pain in mice as described 

previously [23,18]. The CCI-ION has been considered as a classical neuropathic pain model 

[24] as infraorbital nerve (ION) does not include any autonomic components. In brief, the 

mice were anesthetized with pentobarbital sodium (50 mg/kg, i.p.) and the ION was exposed 

through a 2 mm incision in the palatalbuccal mucosa using sterile technic. We loosely tied 

the ION with two 4–0 chromic gut ligatures. The incision was closed with tissue adhesive. 

Control mice received only nerve exposure without ligation.

2.3. Optogenetic activation of dopamine receptors D1- and D2-expressing neurons

D1-Cre and D2-Cre mice were injected with the following Cre-inducible viruses into 

unilateral ACC (contralateral to the CCI-ION side) according to predetermined coordinates 

(AP, 1.34 mm; ML, 0.3 mm; DV, 1.25 mm) [25,26]: 1) a control virus (AAV5-EF1α-DIO-

EYFP); 2)a virus expressing channelrhodopsin-2 (ChR2) for neuronal excitation (AAV5-

EF1α-DIO-ChR2 (E123A)-EYFP-WPRE). Each virus (0.5 μl) was injected into ACC at 0.1 

μl/min for optogenetic stimulation. After injection, the needle (33 gauge, Hamilton) was 

remained in place for 5 min before being retracted from ACC. Next, an optical fiber with a 

1.25 mm ferrule cannula was implanted 0.3 mm above the virus injection site through the 

same hole after syringe removal [27]. The diode-pumped solid-state laser (473 nm blue 

light) produced from an OEM Laser System (Midvale, Utah) was used for optogenetic 

activation of ACC D1/2-expressing neurons. The light stimulation was performed at 20 Hz 

and the light intensity was 3–5 mW. After experiments, the location of infusion and light 

stimulation site was confirmed histologically.

2.4. Orofacial mechanical pain test with von Frey filaments

We used a series of calibrated von Frey filaments (0.07, 0.16, 0.25, 0.40, 0.60, 1.2, and 2.0 

g) to measure orofacial mechanical pain. Each mouse was placed in a 10-cm long plexiglass 

viewing cylinder and allowed to poke out their heads and forepaws, but the mouse cannot 

turn around in the cylinder. After 60 min of acclimation, the von Frey filament was applied 

to the trigeminal nerve V2 branch-innervated facial skin. A positive response was defined as 

a sharp withdrawal of the head upon stimulation. Each filament was applied five times to the 

V2-innervated skin area for 1 s at 10 s intervals, starting from the lowest force of the 

filament (0.07 g) and continuing in ascending order. The head withdrawal threshold was 
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calculated as the force at which the positive response occurred in three of five stimuli, which 

is an indicator for sensory component of pain in the CCI-ION model.

2.5. Real-time place preference (RTPP) test

According to a previous study [28], the RTPP test was performed in a standard three-

chamber device with two large rooms and a buffer chamber. The two large rooms have 

different visual appearances, one with white stripes on the black walls and the other with 

only black walls. Mouse activity in each room was automatically recorded by a high-speed 

video camera and analyzed using the ANY-maze software (Stoelting, IL). Mice were first 

measured for 15 minutes as their baseline of the RTPP test. Next, optogenetic stimulation 

was performed when the mice entered the designated stimulating room, while the mice did 

not receive stimulation in another room and buffer chamber. The total test duration is 15 

minutes. The affective component of trigeminal neuropathic pain induced by CCI-ION was 

determined by analyzing the time spent in the designated stimulating room during 

optogenetic stimulation.

2.6. Western blotting

Mice were sacrificed under isoflurane anesthesia and the ACC tissues were harvested on ice. 

The primary antibodies against D1 (Cat. # MAB5290, Millipore, 1:330) and D2 (Cat. # 

sc-5303, Santa Cruz Biotechnology, 1:300) were used to assess the expression level of D1 

and D2 in the ACC. β-actin (Cat # A5316, Sigma) served as a loading control in all Western 

blotting experiments. The intensities of bands in the Western blotting were quantified with 

densitometry. The intensity values of D1/2 bands were normalized to β-actin and expressed 

as a ratio of D1/ β-actin or D2/ β-actin.

2.7. Immunofluorescence staining

To determine the expression of dopamine receptors D1 and D2 in the ACC, D1-Cre:Ai14 
and D2-Cre:Ai14 mouse lines were generated by crossing a homozygous D1-Cre or D2-Cre 

mouse with an Ai14 mouse, and the resulting heterozygous D1-Cre:Ai14 and D2-Cre:Ai14 
offspring mice were used for immunofluorescence staining, in which D1- or D2-expressing 

neurons are labeled with red tdTomato. The offspring mice were perfused transcardially with 

saline followed by 4% paraformaldehyde (PFA). Following the perfusion, ACC-containing 

brain tissues were cut at 20 μm with a cryostat (CM1950, Leica, Chicago, IL). Free-floating 

slices were blocked in a 5% normal goat serum for 1 h followed by incubation with primary 

antibodies overnight at 4 °C. The primary antibodies include anti-NeuN (Abcam, Cat. # 

ab104224, 1:500), anti-glial fibrillary acidic protein (GFAP, Millipore, Cat. # AB5541, 

1:800), anti-ionized calcium binding adapter molecule 1(Iba1, Wako Chemicals, Cat. # 019–

19741, 1:400), anti-T-cell leukemia 3 (TLX3, ThermoFisher, Cat. # PA534555, 1:200) and 

anti-paired box 2 (PAX2, ThermoFisher, Cat. # 71–6000, 1:500). Next, the slices were 

washed and placed in a corresponding secondary antibody conjugated to Alexa Fluor 488 for 

1 h at room temperature. Images were taken using a Leica fluorescence microscope (DMi8, 

Leica).
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2.8. Statistical analysis

Data are expressed as the mean ± S.E.M. Sample size calculations were performed using the 

power analysis program G*Power 3.1 [29]. Statistical analyses were conducted with 

GraphPad Prism 8 software. Unpaired t-test was used to analyze Western blot data and one-

way analysis of variance (ANOVA) followed by the Tukey post-hoc test was used to analyze 

behavioral data. The level of statistical significance was set at P < 0.05.

3. RESULTS

3.1. Dopamine receptors D1 and D2 are primarily expressed in excitatory neurons of the 
ACC

To specifically localize D1- or D2-expressing neurons in the ACC, we generated D1-
Cre:Ai14 and D2-Cre:Ai14 mouse lines by crossing homozygous D1-Cre or D2-Cre mice 

with Ai14 mice. Ai14 is a Cre reporter allele designed to have a loxP-flanked STOP cassette 

preventing transcription of a CAG promoter-driven red fluorescent protein tdTomato, and the 

resulting heterozygous D1-Cre:Ai14 and D2-Cre:Ai14 mice expressed robust tdTomato due 

to Cre-mediated recombination. These mice were used for immunofluorescence staining 

with different cell markers, including NeuN (a marker for neurons), GFAP (a marker for 

astrocytes), and Iba1 (a marker for microglia). We observed that tdTomato-labeled D1 in the 

ACC of D1-Cre:Ai14 mice was exclusively expressed in NeuN-positive neurons, but not 

GFAP-positive or Iba1-positive glial cells (Fig. 1a). Similarly, tdTomato-labeled D2 in the 

ACC of D2-Cre:Ai14 mice was also exclusively expressed in NeuN-positive neurons, but 

not GFAP-positive or Iba1-positive glial cells (Fig. 1b).

Moreover, we further used the offspring mice to perform immunofluorescence staining with 

an excitatory neuron marker TLX3 [30] and an inhibitory neuron marker PAX2 [31,32]. We 

observed that tdTomato-labeled D1 in the ACC of D1-Cre:Ai14 mice was mostly expressed 

in TLX3-positive excitatory neurons, but not in PAX2-positive inhibitory neurons (Fig. 1c), 

and that tdTomato-labeled D2 in the ACC of D2-Cre:Ai14 mice was expressed in both 

TLX3-positive excitatory neurons and PAX2-positive inhibitory neurons, but the majority of 

D2 was co-labeled with TLX3 (Fig. 1d).

3.2. CCI-ION differentially regulates the expression of D1 and D2 in the ACC

To reveal whether D1 and D2 receptors in the ACC are regulated during trigeminal 

neuropathic pain, we performed Western blotting to examine changes in the expression of 

these receptors in the ACC on day 3 and day 14 after CCI-ION. Our results showed that in 

the early phase of the neuropathic pain (Day 3 post-surgery), the expression of D1 in the 

ACC had no significant change (Fig. 2a and b), but ACC D2 level was significantly 

decreased compared to the sham control group (Fig. 2c and d). In the late phase of the 

neuropathic pain (Day 14 post-surgery), the expression of D1 in the ACC still had no 

significant change (Fig. 2e and f), but ACC D2 level was significantly increased compared to 

the sham control group (Fig. 2g and h).
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3.3. Optogenetic activation of DA receptors D1- and D2-expressing neurons in the ACC 
differentially modulates trigeminal neuropathic pain

To determine the role of ACC DA receptors D1 and D2 in trigeminal neuropathic pain, we 

applied optogenetic stimulation to specifically manipulate these receptors. In the early phase 

of the CCI-ION-induced neuropathic pain (Day 3 post-surgery), we observed that CCI-ION 

significantly decreased head withdrawal threshold on the ipsilateral side. Interestingly, 

optogenetic activation of ACC D1-expressing neurons, but not D2-expressing neurons, 

further decreased the head withdrawal threshold (Fig. 3a and c). Meanwhile, CCI-ION and 

optogenetic stimulation had no effect on head withdrawal threshold on the contralateral side 

(Fig. 3b and d). Using the RTPP test, we observed that optogenetic activation of ACC D1-

expressing neurons, but not D2-expressing neurons, significantly decreased the time spent in 

the stimulating room (Fig. 3e and f). These results indicate that CCI-ION-induced 

neuropathic pain (both sensory and affective component) in the early phase is enhanced by 

activation of ACC D1-expressing neurons.

In the late phase of CCI-ION-induced neuropathic pain (Day 14 post-surgery), we observed 

that CCI-ION continually decreased head withdrawal threshold on the ipsilateral side. 

Strikingly, optogenetic activation of ACC D1- and D2-expressing neurons oppositely 

affected the head withdrawal threshold: D1 neuron activation decreased it, but D2 neuron 

activation increased it (Fig. 4a and c). Similar to the early phase, CCI-ION and optogenetic 

stimulation had no effect on head withdrawal threshold during the late phase on the 

contralateral side (Fig. 4b and d). Using the RTPP test, we verified that optogenetic 

activation of ACC D1- and D2-expressing neurons oppositely affected the time spent in the 

stimulating room (Fig. 4e and f). These results indicate that CCI-ION-induced neuropathic 

pain (both sensory and affective components) in the late phase is enhanced by activation of 

ACC D1-expressing neurons, but inhibited by activation of ACC D2-expressing neurons.

4. DISCUSSION

In the present study, we observed that dopamine receptors D1 and D2 in the ACC are 

primarily expressed in excitatory neurons and that the D2 receptor is differentially regulated 

in the early and late phases of trigeminal neuropathic pain. Optogenetic activation of D1-

expressing neurons in the ACC markedly exacerbates CCI-ION-induced trigeminal 

neuropathic pain in both early and late phases, but optogenetic activation of D2-expressing 

neurons in the ACC robustly ameliorates such pain in its late phase.

To date the expression of dopamine receptors in the ACC remains elusive. A previous study 

showed that dopamine receptors D1 and D2 mRNAs are expressed in the ACC of rats [9]. To 

better observe the expression of D1 and D2 receptors in the ACC, we crossed homozygous 

D1-Cre or D2-Cre mice with Ai14 mice to generate D1-Cre:Ai14 and D2-Cre:Ai14 mouse 

lines. Because the resulting offspring mice express robust tdTomato in D1 or D2 neurons 

due to Cre-mediated recombination, we can clearly observe the expression of these receptors 

in the ACC and other brain structures. Moreover, by combining with immunofluorescence 

staining, we revealed that ACC D1 and D2 receptors are primarily expressed in excitatory 

neurons. In contrast, D1 and D2 receptors are expressed in both excitatory and inhibitory 

neurons of the Sp5C as shown in our recent work [18]. Thus, the expression of these 
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receptors at the cortical level is different from that at the brainstem level, which could 

underlie their function in the modulation of trigeminal neuropathic pain.

To define the involvement of ACC D1 and D2 receptors in trigeminal neuropathic pain, we 

examine changes in the expression of these receptors in the ACC after CCI-ION. 

Interestingly, we found that D2 receptor in the ACC is downregulated in the early phase of 

CCI-ION-induced trigeminal neuropathic pain (Day 3 post-surgery), but upregulated in the 

late phase of the neuropathic pain (Day 14 post-surgery). On the other hand, D1 receptor in 

the ACC has no significant change in both early and late phases of such pain. These results 

suggest that altered expression of D2 receptor in the ACC may contribute to the modulatory 

effect of dopamine signaling on chronic neuropathic pain. Since D1 and D2 receptors are 

rarely co-expressed in the same cells [33,34], we can manipulate them separately for pain 

treatment.

To further determine the role of ACC D1 and D2 receptors in trigeminal neuropathic pain, 

we applied optogenetic stimulation in our study. Optogenetic manipulation can produce cell-

specific neuromodulation. Using optogenetic stimulation in D1-Cre and D2-Cre mice, we 

are able to conduct highly precise spatial and temporal control of D1 and D2 neurons in the 

ACC. Our data showed that optogenetic activation of ACC D1 and D2 neurons oppositely 

modulates CCI-ION-induced trigeminal neuropathic pain in its late phase. This finding is 

consistent with our recent work [18], in which we manipulated D1 and D2 neurons in the 

Sp5C and observed opposite pain modulatory effects. In this study, we used two pain 

behavioral tests (von Frey and RTPP) to measure different components of neuropathic pain: 

the von Frey test for assessing sensory component of pain; the RTPP test for assessing 

affective component of pain. Thus, our data provide comprehensive evidence to demonstrate 

that dopamine receptors D1 and D2 in the ACC are differentially involved in the modulation 

of trigeminal neuropathic pain.

Although D1 and D2, the most abundant dopamine receptors in the brain [35], are critically 

involved in the modulation of neuropathic pain, other dopamine receptor subunits (such as 

D5) have been reported to play an important role in pathological pain plasticity and chronic 

pain development [36,37]. Understanding the molecular mechanisms by which different 

dopamine receptors differentially mediate pain modulation will potentially help us identify 

new therapeutic targets for pain treatment. In addition, an interaction between dopaminergic 

and glutamatergic systems in the ACC has been suggested as a mechanism underlying 

development and maintenance of long-term nociception [38]. Thus, investigating potential 

involvement of ACC dopamine receptors in this interaction will explore a novel role for 

these receptors in the pathogenesis of chronic pain.

5. CONCLUSION

Our study reveals the expression of dopamine receptors D1 and D2 in the ACC and their 

regulation by CCI-ION. We further show that optogenetic activation of ACC D1 and D2 

neurons differentially affects CCI-ION-induced trigeminal neuropathic pain. These results 

suggest that dopamine receptors D1 and D2 in the ACC play different roles in the 

modulation of trigeminal neuropathic pain.
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ABBREVIATIONS

ACC anterior cingulate cortex

CCI-ION chronic constriction injury of infraorbital nerve

ChR2 channelrhodopsin 2

GFAP glial fibrillary acidic protein

Iba1 ionized calcium binding adapter molecule 1

NeuN neuronal nuclei

PAX2 paired box 2

RTPP real-time place preference

Sp5C spinal trigeminal nucleus caudalis

TLX3 T-cell leukemia 3
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Fig. 1. 
Dopamine receptors D1 and D2 are primarily expressed in excitatory neurons of the ACC. 

D1-Cre:Ai14 and D2-Cre:Ai14 mouse lines were generated to label D1 and D2, respectively, 

with red fluorescent protein tdTomato. The offspring mice were used for 

immunofluorescence staining with different cell markers. (a) Immunofluorescence staining 

with NeuN, GFAP andIba1 using ACC sections of D1-Cre:Ai14 mice showed that 

tdTomato-labeled D1 in the ACC was exclusively expressed in NeuN-positive neurons, but 

not GFAP-positive or Iba1-positive glial cells. (b) Immunofluorescence staining with NeuN, 

GFAP and Iba1 using ACC sections of D2-Cre:Ai14 mice showed that tdTomato-labeled D2 

in the ACC was also exclusively expressed in NeuN-positive neurons, but not GFAP-positive 

or Iba1-positive glial cells. (c) Immunofluorescence staining with TLX3 and PAX2 using 

ACC sections of D1-Cre:Ai14 mice showed that tdTomato-labeled D1 in the ACC was 

mostly expressed in TLX3-positive excitatory neurons, but not in PAX2-positive inhibitory 

neurons. (d) Immunofluorescence staining with TLX3 and PAX2 using ACC sections of D2-
Cre:Ai14 mice showed that tdTomato-labeled D2 in the ACC was expressed in both TLX3-

positive excitatory neurons and PAX2-positive inhibitory neurons, but the majority of D2 

was co-labeled with TLX3. The immunofluorescence staining experiments were repeated 

three times to confirm the data shown in this figure. Scale bar, 50 μm.
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Fig. 2. 
Dopamine receptors D1 and D2 in the ACC are differentially regulated by CCI-ION. 

Western blotting was performed to examine change in the expression of these receptors in 

the ACC on day 3 and day 14 after CCI-ION. (a and b) ACC D1 expression had no 

significant alteration on day 3 after CCI-ION. (c and d) ACC D2 expression was significant 

decreased on day 3 after CCI-ION. (e and f) ACC D1 expression had no significant 

alteration on day 14 after CCI-ION. (g and h) ACC D2 expression was significant increased 

on day 14 after CCI-ION. n = 3 per group. *P < 0.05 vs. the sham control group.
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Fig. 3. 
Optogenetic activation of ACC dopamine receptor D1-expressing neurons, but not D2-

expressing neurons, increases trigeminal neuropathic pain on day 3 after CCI-ION. (a and c) 

In both D1-Cre (a) and D2-Cre (c) mice, the CCI-ION significantly decreased head 

withdrawal threshold in the ipsilateral side; however, optogenetic activation of ACC D1 

neurons (a), but not D2 neurons (c), further decreased the head withdrawal threshold. (b and 

d) In both D1-Cre (b) and D2-Cre (d) mice, the CCI-ION and optogenetic stimulation had 

no effect on head withdrawal threshold in the contralateral side. (e and f) In the real-time 

place preference (RTPP) test, optogenetic activation of ACC D1 neurons (e), but not D2 

neurons (f), significantly decreased the time spent in stimulating room. n = 6 per group. *P < 

0.05 vs. the corresponding Baseline values; #P < 0.05 vs. the corresponding CCI group.
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Fig. 4. 
Optogenetic activation of ACC dopamine receptor D1-expressing neurons and D2-

expressing neurons oppositely modulates trigeminal neuropathic pain on day 14 after CCI-

ION. (a and c) In D1-Cre mice (a), optogenetic activation of ACC D1 neurons further 

decreased head withdrawal threshold in the ipsilateral side; in D2-Cre mice (c), optogenetic 

activation of ACC D2 neurons reversely increased head withdrawal threshold in the 

ipsilateral side. (b and d) In both D1-Cre (b) and D2-Cre (d) mice, the CCI-ION and 

optogenetic stimulation had no effect on head withdrawal threshold in the contralateral side. 

(e and f) In the real-time place preference (RTPP) test, optogenetic activation of ACC D1 

neurons (e) significantly decreased the time spent in stimulating room, but optogenetic 

activation of ACC D1 neurons (f) significantly increased the time spent in stimulating room. 

n = 6 per group. *P < 0.05 vs. the corresponding Baseline values; #P < 0.05 vs. the 

corresponding CCI group.
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