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Abstract 

Emerging evidence suggests that the mesolimbic dopaminergic network plays a role in the modulation of pain. As 
chronic pain conditions are associated with hypodopaminergic tone in the nucleus accumbens (NAc), we evaluated 
the effects of increasing signaling at dopamine D1/D2-expressing neurons in the NAc neurons in a model of neu-
ropathic pain induced by partial ligation of sciatic nerve. Bilateral microinjection of either the selective D1-receptor 
(Gs-coupled) agonist Chloro-APB or the selective D2-receptor (Gi-coupled) agonist quinpirole into the NAc partially 
reversed nerve injury-induced thermal allodynia. Either optical stimulation of D1-receptor-expressing neurons or 
optical suppression of D2-receptor-expressing neurons in both the inner and outer substructures of the NAc also 
transiently, but significantly, restored nerve injury-induced allodynia. Under neuropathic pain-like condition, specific 
facilitation of terminals of D1-receptor-expressing NAc neurons projecting to the VTA revealed a feedforward-like 
antinociceptive circuit. Additionally, functional suppression of cholinergic interneurons that negatively and positively 
control the activity of D1- and D2-receptor-expressing neurons, respectively, also transiently elicited anti-allodynic 
effects in nerve injured animals. These findings suggest that comprehensive activation of D1-receptor-expressing 
neurons and integrated suppression of D2-receptor-expressing neurons in the NAc may lead to a significant relief of 
neuropathic pain.
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Introduction
Parkinson’s disease is widely thought to be caused by a 
hypodopaminergic environment due to the degenera-
tion of central dopaminergic neurons, and is associated 
with chronic pain in approximately 30–50% of patients 
[1, 2]. While there is no consensus regarding the essen-
tial mechanisms of this pain in Parkinson’s disease, it is 
believed that this hypodopaminergic environment may 
be critical for increased pain sensitivity.

It has been generally accepted that pain and emotion 
are intertwined since the ascending pain-associated net-
work involves multiple brain regions that are responsible 
for both emotion and pain perception. The mesolimbic 
dopaminergic network that originates in the ventral teg-
mental area (VTA) is a critical player in a broad range 
of motivational, rewarding and pain events [3–7]. Mes-
olimbic dopaminergic dysfunction and/or hypodopa-
minergic conditions have been shown to be associated 
with neuropathic pain as well as reduced motivation and 
depression [8–10]. In our previous studies, we revealed 
that the intrinsic neuronal excitability of VTA-dopa-
minergic neurons projecting to the nucleus accumbens 
(NAc) was decreased in both neuropathic pain- and bone 
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cancer pain-model mice [11]. Furthermore, we demon-
strated that specific activation of VTA-NAc dopaminer-
gic neurons using optogenetic techniques dramatically 
recovered the lowered pain threshold under conditions 
of neuropathic pain and bone cancer pain [11]. Human 
imaging studies have shown that the release of dopamine 
and the activity of dopamine receptors are reduced in 
the NAc of patients experiencing pain [12, 13]. A recent 
study provided further clear evidence that chronic pain 
negatively modulates mesolimbic dopaminergic neurons 
via a spinal-parabrachial-mesencephalic circuit [14]. 
Furthermore, it has also been documented that nerve 
injury increases the excitability of indirect spiny neurons 
located in the shell of the NAc [15].

Dopamine can activate postsynaptic dopamine D1- 
and D2-receptors in NAc neurons that are largely (i.e., 
approximately 95%) GABAergic medium spiny neurons 
(MSNs) [16]. The two types of MSNs in the NAc have 
been identified as dopamine D1-receptor-expressing 
MSNs (D1-MSNs) and dopamine D2-receptor-express-
ing MSNs (D2-MSNs) [17–19]. Although dopaminergic 
agonists have generally been associated with analgesia in 
human [20, 21], and microinjection of the dopamine D2 
receptor agonist quinpirole into the NAc has been shown 
to inhibit the persistent phase of formalin-induced noci-
ception in rats [22], little is known about the individual 
roles of D1-MSNs and D2-MSNs expressed in the NAc in 
the control of chronic pain.

The NAc region has been divided into three major 
subregions: the NAc medial shell (NAcMed), the NAc 
lateral shell (NAcLat) and the NAc core (NAcCo). Each 
of these subregions may have unique as well as common 
functions in the modulation of pain. Both D1-MSNs and 
D2-MSNs in these subregions could be endogenously and 
constantly regulated by the release of dopamine through 
Gs-coupled D1- and Gi-coupled D2-receptor-related 
intracellular signaling systems, respectively. In the pre-
sent study, we determined if the microinjection of dopa-
mine D1- and D2-receptor agonists or antagonists into 
each subregion of the NAc could produce relief of neu-
ropathic pain in mice. Furthermore, by using optogenetic 
techniques to directly and specifically manipulate tar-
get MSN activities, we attempted to investigate whether 
selective stimulation of D1-receptor-expressing neurons 
and selective suppression of D2-receptor-expressing neu-
rons, in the three subregions of the NAc could produce 
antinociceptive effects in mice.

Method
Animals
C57BL/6J (Tokyo Laboratory Animals Science Co., 
Ltd., Tokyo, Japan), wild type mice (C57BL/6N back-
ground) were either bred or purchase from the 

CLEA Japan (Tokyo, Japan). D1-tdTomato (B6.Cg-
Tg(Drd1a-tdTomato)6Calak/J) (Stock #006785, The 
Jackson Laboratory, Bar Harbor, ME, USA), ChAT-
cre (B6N.129S6(B6)-Chattm2(cre)Lowl/J) (Stock #018957, 
Jackson Laboratory) mice and D2-tdTomato mice 
were used in the present study. C57BL/6-Drd1atm1(cre)

Phsh (D1-cre) and C57BL/6-Drd2tm1(cre)Phsh (D2-cre) 
mice were created at Cyagen Biosciences Inc. (Santa 
Clara, CA, USA). D2-tdTomato mice were obtained 
by breeding D2-cre mice with LSL-tdTomato (B6.
Cg-Gt(ROSA)26Sortm14(CAG−tdTomato)Hze/J) mice (Stock 
#007914, Jackson Laboratory).

Most of mice were 3–4 months of age at the start of 
behavioral experiments. All mice were housed at up to 
six mice per cage and kept in a temperature- and humid-
ity-controlled room (24 ± 1 °C, 55 ± 5%, relative humid-
ity) under a 12-h light-dark cycle (light on at 8:00 a.m. 
to 8:00 p.m.). Food and water were available ad libitum 
and behavioral experiments were performed in the light 
phase. All experiments were conducted in accordance 
with the Guide for Care and Use of Laboratory Animals 
of Hoshi University School of Pharmacy and Pharma-
ceutical Sciences, which is accredited by the Ministry of 
Education, Culture, Sports and Technology of Japan.

Generation of D1‑cre and D2‑cre knock‑in mice
C57BL/6-Drd1atm1(cre)Phsh (D1-cre) and C57BL/6-
Drd2tm1(cre)Phsh (D2-cre) mice, which were based on a 
C57BL/6 genetic background, were created at Cyagen 
Biosciences Inc. Two exons of Drd1a gene (NCBI Refer-
ence Sequence: NM_001291801.1), which is located on 
mouse chromosome 13, have been identified, with the 
ATG start codon in exon 2 and TGA atop codon in exon 
2 (Transcript: Drd1-201 ENSMUST 00000021932.5). 
Eight exons of Drd2 gene (NCBI Reference Sequence: 
NM_010077.2), which is located on mouse chromosome 
9, have been identified, with the ATG start codon in exon 
2 and TGA stop codon in exon 8 (Transcript: Drd2-001 
ENSMUST 00000075764.7). To generate the 2  A-Cre 
knock-in at the mouse Drd1a or Drd2 locus in C57BL/6 
mice, the mixture of Cas9 mRNA, sgRNA, and Drd1-2A-
Cre or Drd2-2A-Cre targeting vector, which can replace 
the TGA stop codon with 2A-Cre cassette according to 
CRISPR-Cas9 technology, was injected into mouse fer-
tilized egg, then the eggs were transferred to surrogate 
mothers to obtain founder knock-in mice on the B6 
background.

Drugs
Chloro-APB hydrobromide (Sigma-Aldrich, St. Louis, 
MO, USA), quinpirole  hydrochloride (Sigma-Aldrich) 
and (+)-SCH23390 hydrochloride (FUJIFILM Wako 
Pure Chemcal Corp., Osaka, Japan) were dissolved in 



Page 3 of 13Sato et al. Molecular Brain           (2022) 15:10  

saline (Otsuka Pharmaceutical Factory Inc., Tokushima, 
Japan). (S)-(-)-Sulpiride (Sigma-Aldrich) was dissolved 
in 0.1 N HCl, neutralized with 0.1 N NaOH to pH7, and 
adjusted to a final volume with saline. All drugs were 
locally administered into the medial and lateral shell in 
the NAc. The concentrations were adjusted to 6  µg/µL 
and 0.5µL/side was microinjected bilaterally. The concen-
tration of drugs was basically chosen with reference to 
previous reports of rodent behaviors [23, 24].

Clear, Unobstructed Brain/Body Imaging Cocktails 
and Computational analysis (CUBIC)
D1-tdTomato and D2-tdTomato mice were anesthetized 
with isoflurane (3%, inhalation) and transcardially per-
fused with 20 mL of PBS containing 10 U/mL heparin 
and then with 4% paraformaldehyde (PFA; FUJIFILM 
Wako Pure Chemical Corporation, Osaka, Japan) in 
0.1  M phosphate buffer (PB, pH 7.4). The excised brain 
was post-fixed with the same fixative for 18–24 h at 4 °C. 
After being washed with PBS for 6 h (2 h × 3), the brain 
was immersed in PBS-diluted CUBIC-L (1:1) (Tokyo 
Chemical Industry Co., Ltd, Tokyo, Japan) and shaken 
gently (60 rpm, RT) for at least 8 h. On the next day, the 
brain was transferred to undiluted CUBIC-L and shaken 
overnight (60 rpm, RT). For whole-brain delipidation, the 
brain was immersed in fresh CUBIC-L and shaken gen-
tly (60 rpm, 37 °C) for 4 days. The CUBIC-L was changed 
every 1–2 days. On days 7 and 8, the brain was immersed 
and shaken overnight using PBS and PBS-diluted 
CUBIC-R+ (1:1) (Tokyo Chemical Industry), respectively. 
Finally, the brain was transferred to undiluted CUBIC-
R+ and shaken gently (60  rpm, RT). Image-acquisition 
was performed using an UltraMicroscope II (Zoom body 
configuration) (Miltenyi Biotec B.V. & Co. KG, Bergisch 
Gladbach, Germany). 3D imaging analysis was conducted 
using an Imaris (Oxford Instruments, Abingdon, UK).

Fluorescence immunohistochemistry
Mice were transcardially perfusion-fixed with 4% PFA 
in 0.1 M PB (pH 7.4) under anesthesia with isoflurane 
(3%, inhalation). The brain tissues were dissected after 
being post-fixed with 4% PFA and cryoprotected in 
20-30 (w/v) % sucrose (FUJIFILM Wako Pure Chemical 
Corp.). The brain sections were embedded in an O.C.T. 
compound (Sakura Fine Technical, Tokyo, Japan), and 
the frozen sections were cut on a cryostat (10–20 μm) 
(CM1860; Leica Microsystems, Heidelberg, Germany). 
The Brain slices were blocked in 3% normal horse 
serum (NHS: Vector laboratories, Inc., Burlingame, 
CA, USA)/0.2% Triton X-100  in 0.01 M PBS for 1 h at 
RT. The brain slices were then incubated with goat anti-
ChAT (1:100, Millipore) antibody for 48 h at 4°C . Fol-
lowing washes, they were incubated in donkey anti-goat 

Alexa 488 conjugated secondary antibody (1:400; 
Thermo Fischer Scientific) for 2 h at RT. The slices were 
mounted with Dako Fluorescence Mounting Medium 
(Dako, Glostrup, Denmark). Immunofluorescence 
was detected by a light microscope (BX-53; Olympus, 
Tokyo, Japan), and captured using a high-sensitivity 
digital CCD camera (MD-695; Molecular Devices, San 
Jose, CA, USA). Imaging analysis was performed using 
Metamorph 7.8 software (Molecular Devices).

Virus
We synthesized AAV5-Flex-ChR2 (H134R)-mCherry 
and AAV5-Flex-ArchT-GFP. The final viral concentra-
tions of AAV5-Flex-ChR2-mCherry and AAV5-Flex-
ArchT-GFP were 2 ×  1013 copies/mL. These aliquots of 
virus were stored at -80 °C until use.

Virus injection and cannula implantation
Mice were placed in a stereotaxic apparatus (RWD Life 
Science, San Diego, CA, USA) under isoflurane (3%, 
inhalation) anesthesia, and the skull was exposed. A 
small hole was then made in the skull using a dental 
drill. Virus was bilaterally injected into the NAc core 
(from the bregma: AP + 1.4 mm, ML ± 1.5 mm, DV 
-3.6 mm from the brain surface at an angle of 10°: 1.0 
µL was applied to each side using a Hamilton syringe 
or from the bregma: AP +1.4mm, ML ± 0.9 mm, DV 
-4.0 mm from the skull at an angle of 0°: 300 nL was 
applied to each side using a Nanoject III), the lateral 
shell (from the bregma: AP +1.0 mm, ML ± 1.8 mm, 
DV -4.9 mm from the skull at an angle of 0°: 300 nL 
was applied to each side using a Nanoject III) and the 
medial shell (from the bregma: AP +1.5 mm, ML ± 
0.5 mm, DV -4.7 mm from the skull at an angle of 0°: 
300 nL was applied to each side using a Nanoject III). 
More than 14 days after viral injection, a fiber cannula 
(EIM-330; Eicom, Kyoto, Japan) was implanted above 
the NAc core (from the bregma: AP + 1.4 mm, ML ± 
1.5 mm, DV -3.1 mm from the brain surface at an angle 
of 10°), the lateral shell (from the bregma: AP +1.0 mm, 
ML ±1.8 mm, DV -4.4 mm from the skull at an angle 
of 0°), the medial shell (from the bregma: AP +1.5 mm, 
ML ± 1.4 mm, DV -4.2 mm from the skull at an angle 
of 10°) and VTA (from the bregma: AP -3.1 mm, ML 
±1.3 mm, DV -4.2 mm from the skull at an angle of 10°) 
in mice expressing ChR2 or ArchT. The peek cannula 
(EIM-54; Eicom, Kyoto, Japan) was implanted into the 
lateral shell (from the bregma: AP +1.0mm, ML ± 1.8 
mm, DV -4.9 mm from the skull at an angle of 0°) and 
the medial shell (from the bregma: AP +1.5 mm, ML ± 
1.4 mm, DV -4.7 mm from the skull at an angle of 10°).
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Optical stimulation
Optical fibers (250 μm diameter; Lucir, Ibaraki, Japan) were 
placed in the fiber cannula. These fibers were connected to 
a 473 nm blue laser (COME2-LB473/100 model; Lucir) or 
589 nm yellow laser (COME2-LY589/100 model; Lucir), 
and light pulses were generated through an electronic 
stimulator (Nihon Kohden, Tokyo, Japan). Mice express-
ing ChR2 were illuminated by blue light (473 nm, 30 Hz, 
5 msec, 8 pulses every 5 s) for 30 min to control neuronal 
activity. Mice expressing ArchT were illuminated by con-
tinuous yellow light (589nm).

Electrophysiological validation of ChR2 and ArchT 
activation
Coronal brain slices (250  μm) containing the NAc were 
prepared with a vibratome (VT-1200 S, Leica Biosystems, 
Wetzlar, Germany), using ice-cold cutting solution contain-
ing (in mM) 222.1 sucrose, 2.5 KCl, 1  CaCl2, 7  MgSO4, 1.4 
 NaH2PO4, 27  NaHCO3, and 0.5 ascorbic acid (oxygenated 
with 95%  O2/5%  CO2). Slices were recovered for at least 
1 h at room temperature in oxygenated artificial cerebro-
spinal fluid containing (in mM) 128 NaCl, 3 KCl, 2  CaCl2, 
2  MgCl2, 1.25  NaH2PO4, 24  NaHCO3, and 10 glucose. The 
fluorescence of the cells in the NAc was detected by an 
upright fluorescence microscope (ECLIPSE FN1; Nikon, 
Tokyo, Japan) using a 40× water-immersion objective and 
a sCMOS camera (Zyla 5.5 sCMOS; Andor Technology, 
Belfast UK). Whole-cell patch-clamp recording was made 
from D1- and D2-receptor-positive neurons expressing 
ChR2-mCherry and ArchT-GFP, respectively, with a Mul-
ticlamp 700B Amplifier (Molecular Devices, Sunnyvale, 
CA, USA). The recording electrodes were borosilicate 
glass pipettes (4–6 MΩ) filled with the following solution: 
(in mM): 120 potassium gluconate, 10 KCl, 10 HEPES, 
10 phosphocreatine-Na2, 4  Mg2ATP, 0.3  Na3GTP, and 0.2 
EGTA (pH 7.3 with KOH). Biocytin (0.2%) was included 
in the internal solution. Data were stored with pCLAMP 
10 software (Molecular Devices). ChR2 and ArchT were 
excited with 450–495 nm and 540–600 nm light (XLED1; 
Excelitas Technologies, Waltham, MA, USA), respectively, 
delivered through the optical port of the microscope. After 
electrophysiological recording, slices were fixed with  4% 
paraformaldehyde at 4  °C and 24  h later incubated with 
streptoavidin-conjugated Alexa Fluor-350 (1:2,000; S11249, 
Thermo Fisher Scientific, Waltham, MA, USA) to identify 
the recorded cells.

Neuropathic pain model
The neuropathic pain experiments were performed based 
on a previous report [25]. Before the experiments, we pro-
duced a partial sciatic nerve injury by tying a tight ligature 
with an 8-0 silk suture around approximately one-third to 
one-half the diameter of the sciatic nerve on the right side 
(ipsilateral side) in isoflurane (3%, inhalation)-anesthetized 
mice under a light microscope (SD30, Olympus, Tokyo, 
Japan).

Thermal Paw‑Withdrawal (Hargreaves) test and schedule 
for drug treatment
A thermal stimulus was created using a thermal stimulus 
apparatus (Model 7360; UGO BASILE, Varese, Italy) and 
applied to the plantar surface of the mouse’s hind paw to 
assess the thermal paw-withdrawal threshold as described 
previously [11]. Each measurement of drug-induced antin-
ociception was performed on day 10 (Chloro-APB), day 
11 (quinpirole), day 13 (SCH23390) and day 14 (sulpir-
ide) after the ligation. We confirmed that pain threshold 
returned to the pre-treatment level just before each meas-
urement for drugs.

Statistical analysis
The data are presented as the mean ± SEM. All statistical 
analyses were performed with GraphPad Prism 8.0 (Graph-
Pad Software, San Diego, CA, USA). The statistical signifi-
cance of differences between the groups was assessed by 
a two-way analysis of variance followed by the Bonferroni 
multiple comparisons test. A p value of <0.05 was consid-
ered to reflect significance.

Result
Brain mapping of dopamine D1 or D2 receptor‑expressing 
neurons in the NAc
  Brain imaging of D1-tdTomato (Fig. 1a) and D2-tdTomato 
(Fig. 1b) mice using the “Clear, Unobstructed Brain/Body 
Imaging Cocktails and Computational analysis” (CUBIC) 
technique showed that both dopamine D1 receptor- and 
D2 receptor-positive cells were highly located in the NAc 
and striatum (Fig.  1a-i, b-i). Notably, the dopamine D1 
receptor-positive cells in the NAc appeared to project into 
the midbrain region (Fig. 1a-ii), whereas no such projection 
could be identified in dopamine D2 receptor-positive neu-
rons (Fig. 1b-ii). In the coronal section containing the NAc 
of D1-tdTomato mice, dopamine D1 receptor-expressing 
neurons were expressed not only in the core and lateral 

(See figure on next page.)
Fig. 1 Brain mapping of dopamine D1 and D2 receptor-positive neurons. a, b Whole-brain imaging of D1 and D2 receptor-positive neurons 
of D1-tdTomato and D2-tdTomato mice, respectively. Fluorescent histochemical observation of D1 receptor-expressing neurons (a) or D2 
receptor-expressing neurons (b) using CUBIC. Images were acquired from horizontal (a-i, b-i) and sagittal (a-ii, b-ii) sections. Scale bars = 1000 μm. 
c The distribution of D1 receptor-expressing (c-i) and D2 receptor-expressing (c-ii) neurons in the NAcLat and NacMed of D1-tdTomato or 
D2-tdTomato mice, respectively. The slices were not immunostained and mounted directly with Dako fluorescent mounting medium. Scale bars = 
100 μm
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shell but also in the medial shell of the NAc (Fig.  1c-i). 
Dopamine D2 receptor-expressing neurons were also con-
firmed to be homogenously distributed in all three of the 
NAc subregions (Fig. 1c-ii).

Effects of the administration of dopamine receptor 
agonists/antagonists into the NAc on neuropathic pain
  First, we examined the effect of microinjection of the 
selective dopamine D1 receptor agonist Chloro-APB 
(Fig.  2b-i, ***p < 0.001 vs. Saline/Ligation contralateral 
paw, #p < 0.05, ###p < 0.001 vs. Chloro-APB (3 µg)/Liga-
tion contralateral paw, $$$p < 0.001 vs. Saline/Ligation 
ipsilateral paw) and the selective D2 receptor agonist 
quinpirole (Fig.  2c-i, **p < 0.01, ***p < 0.001 vs. Saline/
Ligation contralateral paw, ##p < 0.01, ###p < 0.001 vs. 
quinpirole (3  µg)/Ligation contralateral paw, $$p < 0.01 
vs. Saline/Ligation ipsilateral paw) into the NAcMed sig-
nificantly restored the pain threshold that had been low-
ered under the neuropathic pain-like state. Furthermore, 
the decrease in the pain threshold due to sciatic nerve 
ligation was significantly and temporarily restored by the 
microinjection of Chloro-APB (Fig. 2b-ii, ***p < 0.001 vs. 
Saline/Ligation contralateral paw, ###p < 0.001 vs. Chloro-
APB (3  µg)/Ligation contralateral paw, $$$p < 0.001 vs. 
Saline/Ligation ipsilateral paw) and quinpirole (Fig.  2c-
ii, ***p < 0.001 vs. Saline/Ligation contralateral paw, ###p 
< 0.001 vs. quinpirole (3  µg)/Ligation contralateral paw, 
$$$p < 0.001 vs. Saline/Ligation ipsilateral paw) in the 
NAcLat. On the other hand, there was no recovery of the 
lowered pain threshold in mice with sciatic nerve ligation 
following microinjection of the selective dopamine D1 
receptor antagonist SCH23390 or the selective dopamine 
D2 receptor antagonist sulpiride into either the NAcMed 
or NAcLat (Fig. 2d-i and d-ii, ***p < 0.001 vs. Saline/Liga-
tion contralateral paw, ###p < 0.001 vs. SCH23390 (3 µg)/
Ligation contralateral paw, Fig. 2e-i and e-ii, ***p < 0.001 
vs. Vehicle/Ligation contralateral paw, ###p < 0.001 vs. 
Sulpiride (3 µg)/Ligation contralateral paw).

Effects of the activation of D1‑receptor‑expressing 
neurons in the NAc on the lowered pain threshold due 
to neuropathic pain
  To more precisely verify the role of D1-receptor-
expressing neurons in the NAc in pain control, we gener-
ated transgenic mice (D1-cre/ChR2 mice) by the bilateral 
microinjection of AAV vector with a FLEX switch system 
to express ChR2 into the NAc of D1-Cre mice (Fig. 3a). 
Using these transgenic mice, we investigated whether 
the optical activation of D1-receptor-expressing neurons 
could change the pain threshold under a neuropathic 
pain-like state (Fig. 3b). We confirmed using electrophys-
iology that D1-ChR2-positive neurons in the NAc reli-
ably responded to pulses of 470 nm blue light (Fig. 3c).

To investigate whether optical stimulation of D1-recep-
tor-expressing neurons in the NAc could affect the 
changes in the pain threshold, partial nerve ligation was 
performed in D1-cre/ChR2 mice. Optical stimulation of 
D1-receptor-expressing neurons in either the NAcMed 
(Fig.  3d, ***p < 0.001 vs. Wild-type/ChR2 ligation con-
tralateral paw; ###p < 0.001 vs. D1-cre/ChR2 ligation con-
tralateral paw; $$$p < 0.001 vs. Wild-type/ChR2 ligation 
ipsilateral paw) or NAcLat (Fig. 3e, ***p < 0.001 vs. Wild-
type/ChR2 ligation contralateral paw; ###p < 0.001 vs. 
D1-cre/ChR2 ligation contralateral paw; $$$p < 0.001 vs. 
Wild-type/ChR2 ligation ipsilateral paw) of D1-cre/ChR2 
mice transiently, but significantly, reversed the lowered 
pain threshold due to neuropathic pain. As in the shell 
of the NAc, the lowering of the pain threshold by sciatic 
nerve ligation was temporarily but significantly restored 
by the optogenetic stimulation of D1-receptor-expressing 
neurons in the NAcCo of D1-cre/ChR2 mice (Fig. 3f, ***p 
< 0.001 vs. Wild-type/ChR2 ligation contralateral paw; 
###p < 0.001 vs. D1-cre/ChR2 ligation contralateral paw; 
$$$p < 0.001 vs. Wild-type/ChR2 ligation ipsilateral paw).

Effects of the suppression of D2‑receptor‑expressing 
neurons in the NAc on the lowered pain threshold due 
to neuropathic pain
  To more precisely identify the role of D2-receptor-
expressing neurons in the NAc in pain control, we 
generated transgenic mice (D2-cre/ArchT mice) by 
microinjecting AAV vector with a FLEX switch system 
to express ArchT into the NAc of D2-Cre mice (Fig. 4a). 
Using these transgenic mice, we investigated whether 
the optical suppression of D2-receptor-expressing 
neurons could change the pain threshold under a neu-
ropathic pain state (Fig. 4b). Electrophysiology experi-
ments confirmed that D2-ArchT-positive neurons 
in the NAc reliably responded to 589 nm yellow light 
(Fig. 4c). Partial nerve ligation was performed to inves-
tigate changes in the pain threshold by optical suppres-
sion of D2-receptor-expressing neurons in the NAc of 
these transgenic mice. As a result, specific suppression 
of D2-receptor-expressing neurons in either the NAc-
Med (Fig.  4d, ***p < 0.001 vs. Wild-type/ArchT liga-
tion contralateral paw; ###p < 0.001 vs. D2-cre/ArchT 
ligation contralateral paw; $$$p < 0.001 vs. Wild-type/
ArchT ligation ipsilateral paw) or NAcLat (Fig. 4e, ***p 
< 0.001 vs. Wild-type/ArchT ligation contralateral paw; 
###p < 0.001 vs. D2-cre/ArchT ligation contralateral 
paw; $$$p < 0.001 vs. Wild-type/ArchT ligation ipsilat-
eral paw) in D2-cre/ArchT mice significantly restored 
the lowered threshold due to neuropathic pain. Fur-
thermore, the lowered threshold following sciatic nerve 
ligation was transiently, but significantly, reversed by 
the optogenetic suppression of D2-receptor-expressing 



Page 7 of 13Sato et al. Molecular Brain           (2022) 15:10  

Fig. 2 Effect of the injection of dopamine receptor agonists/antagonists into the NAc on neuropathic pain. a Schematic diagram showing 
the injection site of the NAcMed (a-i) or NAcLat (a-ii). b Latency in the response to thermal stimulation under a neuropathic pain-like state by 
administration of the selective dopamine D1 receptor agonist Chloro-APB into the NAcMed (b-i) and NAcLat (b-ii). Data are presented as the mean 
± SEM of 5-6 animals. ***p < 0.001 vs. saline ligation contralateral paw; #p < 0.05, ###p < 0.001 vs. Chloro-APB ligation contralateral paw; $$$p < 0.001 
vs. saline ligation ipsilateral paw. c Latency in the response to thermal stimulation under a neuropathic pain-like state by the administration of the 
selective dopamine D2 receptor agonist quinpirole into the NAcMed (c-i) and NAcLat (c-ii). Data are presented as the mean ± SEM of 5-6 animals. 
**p < 0.01, ***p < 0.001 vs. saline ligation contralateral paw; ##p < 0.01, ###p < 0.001 vs. quinpirole ligation contralateral paw; $$p < 0.01, $$$< 0.001 vs. 
saline ligation ipsilateral paw. d Effects of the selective dopamine D1 receptor antagonist SCH23390 in the NAcMed and NAcLat in mice. Latency in 
the response to thermal stimulation under a neuropathic pain-like state by SCH23390 of the NAcMed (d-i) and NAcLat (d-ii). Data are presented as 
the mean ± SEM of 5-6 animals. ***p < 0.001 vs. saline ligation contralateral paw; ###p < 0.001 vs. SCH23390 ligation contralateral paw. e Latency in 
the response to thermal stimulation under a neuropathic pain-like state by the administration of dopamine D2 receptor antagonist sulpiride of the 
NAcMed (e-i) and NAcLat (e-ii). Data are presented as the mean ± SEM of 5-6 animals. ***p < 0.001 vs. vehicle ligation contralateral paw; ###p < 0.001 
vs. sulpiride ligation contralateral paw
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neurons in the NAcCo of D2-cre/ArchT mice (Fig.  4f, 
***p < 0.001 vs. Wild-type/ArchT ligation contralateral 
paw; ###p < 0.001 vs. D2-cre/ArchT ligation contralat-
eral paw; $$$p < 0.001 vs. Wild-type/ArchT ligation ipsi-
lateral paw).

Effect of optical stimulation of D1‑receptor‑expressing 
neurons in the NAc projecting to the VTA on neuropathic 
pain
  It has been documented that some D1-MSNs located 
within the NAc terminals mainly synapse onto VTA 

Fig. 3 Effect of optical stimulation of D1-receptor-expressing neurons in the NAc on neuropathic pain. a Schematic showing that 
AAV-Flex-ChR2-mCherry was microinjected into the NAc of D1-cre mice. b Experimental timeline. c Biocytin-stained ChR2-mCherry-expressing 
neurons in a D1-cre mouse (upper) and representative current-clamp trace from a nucleus accumbens neuron expressing ChR2 showing action 
potentials in response to photoactivation (blue line) (lower). d-f Effects of optical stimulation of D1-receptor-expressing neurons in the NAcMed, 
NAcLat and NAcCo in mice. Latency in the response to thermal stimulation under a neuropathic pain-like state by optical stimulation of the 
NAcMed (d), NAcLat (e) and NAcCo (f) in Wild-type/ChR2 and D1-cre/ChR2 mice. Data are presented as the mean ± SEM of 5-6 animals. ***p < 
0.001 vs. Wild-type/ChR2 ligation contralateral paw; ###p < 0.001 vs. D1-cre/ChR2 ligation contralateral paw; $$$p < 0.001 vs. Wild-type/ChR2 ligation 
ipsilateral paw
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GABA neurons [26]. Therefore, we infected the NAcCo 
of D1-cre mice with the AAV vector expressing ChR2 
(Fig. 5a, b) and investigated changes in the pain threshold 

by optical activation of terminals of D1-receptor-express-
ing neurons projecting to the VTA. As a result, opti-
cal activation of terminals of D1-receptor-expressing 

Fig. 4 Effect of optical suppression of D2-receptor-expressing neurons in the NAc on neuropathic pain. a Schematic showing that 
AAV-Flex-ArchT-GFP was microinjected into the NAc of D2-cre mice. b Experimental timeline. c Examples of biocytin-stained ArchT-GFP-expressing 
neurons in a D2R-cre mouse (upper) and representative current-clamp trace from a NAc neuron expressing ArchT showing reliable suppression 
of the firing of neurons during photostimulation (orange line) (lower). d-f Effects of optical suppression of D2-receptor-expressing neurons in the 
NAcMed, NAcLat and NAcCo in mice. Latency in the response to thermal stimulation under a neuropathic pain-like state by optical stimulation of 
the NAcMed (d), NAcLat (e) and NAcCo (f) in Wild-type/ArchT and D2-cre/ArchT mice. Data are presented as the mean ± SEM of 5-6 animals. ***p 
< 0.001 vs. Wild-type/ArchT ligation contralateral paw; ###p < 0.001 vs. D2-cre/ArchT ligation contralateral paw; $$$p < 0.001 vs. Wild-type/ArchT 
ligation ipsilateral paw
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neurons in the VTA in D1-cre/ChR2 mice also partly, 
but significantly, recovered the lowered pain threshold in 
mice with sciatic nerve ligation (Fig.  5c, ***p < 0.001 vs. 
Wild-type/ChR2 ligation contralateral paw; ###p < 0.001 
vs. D1-cre/ChR2 ligation contralateral paw; $$$p < 0.001 
vs. Wild-type/ChR2 ligation ipsilateral paw).

Effect of optical suppression of cholinergic interneurons 
in the NAc on neuropathic pain
It has been demonstrated that choline acetyltransferase 
(ChAT)-positive (i.e., cholinergic) interneurons nega-
tively modulate D1-MSNs in the NAc, whereas they posi-
tively regulate D2-MSNs in this area [27, 28]. To confirm 
the presence of ChAT-positive cholinergic interneurons 
in the NAc, we performed immunohistochemistry. As a 
result, ChAT immunoreactivity was detected mostly in 
the NAcMed (Fig. 5d). In the NAcMed of D1-tdTomato 
or D2-tdTomato mice, ChAT-positive neurons were dis-
tributed adjacent to either D1- or D2-receptor-expressing 
neurons (Fig. 5e, f ). Therefore, we infected the NAcMed 
of ChAT-cre mice with the AAV vector expressing ArchT 
(Fig.  5g) and investigated changes in the pain threshold 
by optical suppression of cholinergic interneurons in the 
NAcMed. As a result, the optical suppression of cholin-
ergic interneurons in the NAcMed of ChAT-cre/ArchT 
mice significantly reversed the lowered thresholds in 
mice with sciatic nerve ligation (Fig.  5h, ***p < 0.001 vs. 
Wild-type/ArchT ligation contralateral paw; ###p < 0.001 
vs. ChAT-cre/ArchT ligation contralateral paw; $$$p < 
0.001 vs. Wild-type/ArchT ligation ipsilateral paw).

Discussion
A growing body of evidence suggests that the NAc, which 
is one of the major terminals of VTA dopaminergic neu-
rons, is critically involved in not only emotional functions 
and reward-related behaviors, but also pain control [3, 
29, 30]. Since most neurons in the NAc express either D1 
or D2 receptors [17–19], we investigated the functional 
role of D1-receptor-expressing neurons and D2-recep-
tor-expressing neurons located in the NAc in relief of 
experimental neuropathic pain. We first confirmed that 

bilateral microinjection of either the selective D1-recep-
tor agonist Chloro-APB or the selective D2-receptor 
agonist quinpirole into the NAcMed and NAcLat, both 
of which highly expressed D1- and D2-receptors, tran-
siently, but significantly, reversed the reduction in the 
pain threshold in mice with partial sciatic nerve ligation. 
On the other hand, bilateral microinjection of the selec-
tive D1-receptor antagonist SCH23390 or the selective 
D2-receptor antagonist sulpiride into both the NAcMed 
and NAcLat had no effect on this reduced pain thresh-
old. Similar to these results, we then demonstrated for 
the first time that optical stimulation of D1-receptor-
expressing neurons in either the NAcMed, NAcLat or 
NAcCo, transiently, but significantly, suppressed the neu-
ropathic pain-like state in mice, whereas optical suppres-
sion of D2-receptor-expressing neurons in these regions 
of the NAc restored the reduced pain threshold under a 
state of neuropathic pain. These findings are also consist-
ent with outcomes of dopamine receptor modulation in 
other models of hyperalgesia. Unilateral microinjection 
of SCH23390 into the NAc suppressed the antinocicep-
tive effects induced by morphine in morphine-sensitized 
rats [31]. Furthermore, antinociception induced by intra-
basolateral amygdala administration of WIN55,212-2, a 
cannabinoid receptor agonist, has been shown to be pre-
vented by microinjection of SCH23390 into the NAc [32]. 
It has also been documented that intra-VTA injection of 
orexin A-induced antinociception is suppressed by intra-
NAc infusions of SCH23390 [33]. Taken together, the 
present findings provide compelling evidence that either 
activation of D1-receptor-expressing neurons (probably 
D1-MSNs) or suppression of D2-receptor-expressing 
neurons (probably D2-MSNs) in the NAcMed, NAcLat 
and NAcCo can elicit pain relief.

It has been reported that a significant number of 
D1-MSNs, but not D2-MSNs, in the NAc project 
directly to midbrain regions, the VTA and substan-
tia nigra [34, 35]. In the VTA, most of the nerve termi-
nals of D1-MSNs from the NAc have been shown to be 
directly connected to GABAergic interneurons [26], and 
activation of these projecting D1-MSNs leads to indirect 

(See figure on next page.)
Fig. 5 Effect of optical stimulation of D1-receptor-expressing neurons in the NAc projecting to the VTA and optical inhibition of cholinergic 
neurons in the NAc on neuropathic pain. a Schematic showing that AAV-Flex-ChR2-mCherry was microinjected into the NAcCo of D1-cre mice. 
b Schematic diagram showing the experimental design. c Effects of optical stimulation of D1-receptor-expressing neurons projecting to the VTA. 
Latency in the response to thermal stimulation under a neuropathic pain-like state by optical stimulation of the VTA in Wild-type/ChR2 and D1-cre/
ChR2 mice. Data are presented as the mean ± SEM of 5 animals. ***p < 0.001 vs. Wild-type/ChR2 ligation contralateral paw; ###p < 0.001 vs. D1-cre/
ChR2 ligation contralateral paw; $$$p < 0.001 vs. Wild-type/ChR2 ligation ipsilateral paw. d Immunohistochemical staining images showing choline 
acetyltransferase (ChAT)-positive neuron in the NAc. Scale bar = 200 μm. e, f The images showing ChAT (green) and dopamine D1 receptor (red) of 
D1-tdTomato mice (e) or dopamine D2 receptor (red) of D2-tdTomato mice (f). Scale bar = 25 μm. g Schematic showing that AAV-Flex-ArchT-GFP 
was microinjected into the NAcMed of D1-cre mice. h Effects of the optical suppression of  ChAT+ neurons in the NAcMed. Latency in the response 
to thermal stimulation under a neuropathic pain-like state by optical suppression of  ChAT+ neurons in Wild-type/ArchT and ChAT-cre/ArchT mice. 
Data are presented as the mean ± SEM of 4–5 animals. ***p < 0.001 vs. Wild-type/ArchT ligation contralateral paw; ###p < 0.001 vs. ChAT-cre/ArchT 
ligation contralateral paw; $$$p < 0.001 vs. Wild-type/ArchT ligation ipsilateral paw
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activation of VTA-dopaminergic neurons through the 
disinhibition of GABAergic neurons [26]. In the present 
study, we found that the optical stimulation of D1-recep-
tor-expressing neurons in the NAc projecting to the VTA 

partly, but significantly, recovered the decrease in the 
pain threshold in mice with partial sciatic nerve ligation. 
These findings raise intriguing possibilities that the NAc-
VTA feedforward dopaminergic circuits via D1-MSNs 
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could contribute to anti-pain and anti-negative emotion 
systems for maintaining homeostasis in the setting of 
chronic pain.

Even more so than we had expected, we found that 
optical suppression of cholinergic interneurons in the 
NAc, which comprise approximately 1-2% of the total 
neurons in this area [16], slightly, but significantly, recov-
ered the lowering of the pain threshold under a state of 
neuropathic pain. As noted above, the results of the pre-
sent study showed that specific inhibition of D2-recep-
tor-expressing neurons in the NAc partly restored the 
lowered pain thresholds due to neuropathic pain. Current 
evidence has suggested that cholinergic interneurons in 
the NAc that have GABAergic input from the VTA are 
directly connected to D1-MSNs [27] and D2-MSNs [28, 
36]. Under physiological conditions, the release of ace-
tylcholine from these cholinergic interneurons has been 
shown to negatively and positively modulate the activity 
of D1-MSNs and D2-MSNs via muscarinic M4 and M1 
receptors, respectively [28, 37]. In the present study, we 
confirmed that ChAT-positive neurons in the NAc region 
were located adjacent to either D1- or D2-receptor-
expressing neurons. Taken together, the present behavio-
ral findings indicate that the restoration of the decreased 
pain threshold due to neuropathic pain by the inhibition 
of cholinergic interneurons in the NAc may partly result 
from indirect inhibition of D2-MSNs as well as pos-
sible activation of D1-MSNs in the NAc. Furthermore, 
although cholinergic interneurons in the NAc have been 
also shown to express dopamine D2 receptors [38], the 
fact that dopamine D2 receptors in the NAc are mostly 
expressed in D2-MSNs suggests that the present finding 
may result from the effect of D2-MSNs. However, further 
research is still required on this point.

We need to consider the present fact that independent 
manipulation of D1- or D2-receptor-expressing neurons 
produced the weak antinociceptive effect against the 
thermal hyperalgesia. Although mechanical allodynia 
or ongoing pain instead of only one outcome measure-
ment should be evaluated under the present condition, 
we propose that the present results may reflect from the 
fact that we didn’t manipulate both D1- and D2-receptor 
expressing neurons together.

In conclusion, we demonstrated here that the lowered 
pain thresholds due to partial sciatic nerve ligation was 
partly recovered by activation of D1-receptor-express-
ing neurons and suppression of D2-receptor-expressing 
neurons in the NAc using optogenetic techniques to 
specifically manipulate the target neurons. These find-
ings suggest that activation of D1-MSNs and suppres-
sion of D2-MSNs in the NAc may be a unique and useful 
approach to relieve neuropathic pain.
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