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The dorsal raphe nucleus (DRN) is an important nucleus in pain regulation. However, the underlying neural pathway and the
function of specific cell types remain unclear. Here, we report a previously unrecognized ascending facilitation pathway, the
DRN to the mesoaccumbal dopamine (DA) circuit, for regulating pain. Chronic pain increased the activity of DRN glutamatergic,
but not serotonergic, neurons projecting to the ventral tegmental area (VTA) (DRNGlu-VTA) in male mice. The optogenetic activa-
tion of DRNGlu-VTA circuit induced a pain-like response in naive male mice, and its inhibition produced an analgesic effect in male
mice with neuropathic pain. Furthermore, we discovered that DRN ascending pathway regulated pain through strengthened
excitatory transmission onto the VTA DA neurons projecting to the ventral part of nucleus accumbens medial shell (vNAcMed),
thereby activated the mesoaccumbal DA neurons. Correspondingly, optogenetic manipulation of this three-node pathway bilaterally
regulated pain behaviors. These findings identified a DRN ascending excitatory pathway that is crucial for pain sensory processing,
which can potentially be exploited toward targeting pain disorders.
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Significance Statement

The dorsal raphe nucleus (DRN) in the midbrain contributes to pain processing, yet the detailed cellular and circuitry mech-
anisms remain largely unknown. Here, we report that chronic pain increases the activity of a specific subpopulation of DRN
glutamatergic neurons, which project to the ventral tegmental area (VTA). The elevated excitability of DRN glutamatergic
neurons causes the increased excitatory inputs to VTA dopamine neurons that selectively innervate the ventral part of the
nucleus accumbens medial shell (vNAcMed). Optogenetic activation of the DRN-VTA-vNAcMed pathway induced neuronal
plasticity in the VTA and resulted in pain hypersensitivity. These findings shed light on how ascending DRN excitatory circuit
is involved in the sensory modulation of pain.

Introduction
Due to insufficient clinic treatment, chronic pain is still a leading
cause of disability and burden of the disease worldwide (Cohen
et al., 2021). Although studies indicate the importance of the

peripheral nerve and the spinal cord in pain processing (Peirs
and Seal, 2016), we have little knowledge about how brain mech-
anisms contribute to the development and the maintenance of
chronic pain. Studies in the last few decades have identified
endogenous pathways that suppressed the transmission of pain
sensory signals (Ossipov et al., 2010; Cohen and Mao, 2014).
Within these pathways, the dorsal raphe nucleus (DRN) is
believed to play essential roles (Duggan and Griersmith, 1979;
Segal, 1979; Andersen and Dafny, 1983; Wager et al., 2007; Li
et al., 2016; Nissen et al., 2018).

The DRN is the largest serotonergic nucleus and supplies the
majority of serotonergic projections in the brain (Baker et al.,
1990; Jacobs and Azmitia, 1992). These serotonin neurons act
as predominant origination for the inhibitory roles of the
DRN in pain sensation (Duggan and Griersmith, 1979; Reyes-
Vazquez et al., 1989; Cohen and Mao, 2014; Nissen et al., 2018;
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De Gregorio et al., 2019). However, the subsets of DRN neurons
are heterogeneous in terms of functions (Vong et al., 2011; Liu
et al., 2014; McDevitt et al., 2014; Matthews et al., 2016). The
direct role and its underlying circuitry mechanism for specific
DRN cell types, in particular, the barely understood nonseroto-
nergic neurons, in regulating pain sensation have not been
established.

Brain mapping studies demonstrate that the DRN forms
dense neural connections with the midbrain ventral tegmental
area (VTA) (McDevitt et al., 2014; Beier et al., 2015), a brain
region that is critical for pain sensation regulation (Becerra
et al., 2001; Wood, 2006; Woo et al., 2015). The VTA modulates
pain sensation through its main projection target the NAc (Baliki
et al., 2010; Gear and Levine, 2011; Imai et al., 2011; Baliki and
Apkarian, 2015). Previous optogenetic (Zhang et al., 2017), phar-
macological (Navratilova et al., 2012; Liu et al., 2018), and elec-
trophysiological studies (Marinelli et al., 2005) suggested a role
for the NAc-projecting VTA dopamine (VTADA-NAc) neurons
in pain processing. This then raises the possibility that the
DRN inputs may result in alterations in functions of the
VTA-NAc pathway to participate in pain regulation. However,
VTA DA neurons can be separated anatomically and function-
ally into heterogeneous subpopulations (Morales and Margolis,
2017), and the precise circuitry that coding pain signals remains
controversial. For example, studies have demonstrated an ongo-
ing activity of the VTA-NAc pathway in the maintenance of pain
(Lee et al., 2008; Brischoux et al., 2009; Sagheddu et al., 2015;
Zhang et al., 2017). While other studies showed that dopamine
neuron excitability was decreased following chronic pain (Ren
et al., 2016; Watanabe et al., 2018). It is unclear whether there
is a separate subpopulation of mesolimbic DA neurons that
shows differential properties in pain modulation.

Although the midbrain reward circuit is involved in multiple
aspects of pain, in the present study, we mainly investigated how
this pathway modulates pain sensation. Using the combined
approaches of rabies virus with adeno-associated virus (AAV)
(Beier et al., 2015; Callaway and Luo, 2015), we established a
cell type-specific monosynaptic tracing of subgroups of DRN
neurons innervating the VTA DA neurons projecting to separate
NAc medial shell subdivisions—the ventral part of NAcMed
(vNAcMed) and the dorsal part of NAcMed (dNAcMed). We
precisely manipulated theses projecting specific DRN neurons
and found the DRN-VTADA-vNAcMed pathway preferably pro-
moted pain responses. Especially, this pain-facilitative effect was
mediated by the glutamatergic neurons rather than the most
studied serotonergic neurons within the DRN. Finally, we
showed the potentiated mesolimbic excitatory synaptic transmis-
sion underlying the facilitatory roles of the DRN-VTADA-
vNAcMed pathway in a chronic pain state. This work provided
a mechanistic understanding of the roles of the DRN in the reg-
ulation of pain and supplied a potential target for the treatment
of pain disorders.

Materials and Methods
Experimental animals
Male Vgat-IRES-Cre and wild-type C57BL/6J mice at 8 to 10 weeks old
were used in the studies. All animals were housed at 22–25°C with a 12 h
light/dark cycle with food and water available ad libitum. The behavioral
tests were conducted in the light phase of their light cycle. Mice were
housed in five per cage and randomly assigned into experimental groups.
All experimental protocols conformed to the National Institutes of
Health Guide for the Care and Use of Laboratory Animals and were
approved by the guidelines of the Institutional Animal Care and Use
Committees at Xuzhou Medical University.

Mouse models of chronic pain
Chronic constriction injury of the sciatic nerve surgery. In accordance

with the procedures described previously (Xu et al., 2015; Zhang et al.,
2017), Chronic constriction injury (CCI) surgery was conducted to
induce chronic neuropathic pain in mice under sodium pentobarbital
(40 mg/kg, i.p.) anesthesia. In brief, in an aseptic condition, the left sciatic
nerve at the mid-thigh level was exposed by blunt dissection. Three non-
absorbable 4-0 ligatures were placed around the nerve proximal to the
trifurcation with 1.0 mm between each ligature. The ligatures were
loosely tied until a short flick of the ipsilateral hindlimb was observed.
Animals in the sham group received surgery identical to those described
but without nerve ligation.

Complete Freund’s adjuvant surgery. Complete Freund’s adjuvant
(CFA) (20 μl; F5881; Sigma-Aldrich) was intra-plantarly injected into
the left hindpaw of the mouse to induce hyperalgesia of inflammatory
pain (Xu et al., 2010; Singhmar et al., 2016). Sham groups received intra-
plantar injection of saline (20 μl).

Stereotaxic surgery and optic-fiber placement
Mice were anesthetized with 2% isoflurane and placed in a stereotaxic
apparatus (RWD). Following sterilization, their skull was exposed by a
scalpel incision. Microinjections were conducted with a Hamilton
syringe needle (33 gauge) at a rate of 0.1 µl/min. The reagents or viruses
were injected, respectively, into following: the VTA (anterior-posterior,
−3.30 mm; lateral-medial, ±1.05 mm; dorsal-ventral, −4.60 mm, at a
7° angle), the dNAcMed (anterior-posterior, 1.60 mm; lateral-medial,
±0.6 mm; dorsal-ventral, −4.20 mm), the vNAcMed (anterior-posterior,
1.40 mm; lateral-medial, ±0.55 mm; dorsal-ventral, −4.70 mm), and the
DRN (anterior-posterior, −4.50 mm; lateral-medial, 0 mm; dorsal-
ventral,−3.00 mm). Following injection, the needle was held at the injec-
tion site for 5 min, then raised up by 0.05 mm and held for a further
5 min to allow the diffusion of the virus. The needle was then slowly
withdrawn. Mice were maintained under a warm blanket until they fully
recovered from anesthesia.

For optogenetics, an optic fiber (200 μm core, NA= 0.37, (Newdoon
Inc.) held in a ferrule was implanted above the DRN (anterior-posterior,
−4.50 mm; lateral-medial, 0 mm; dorsal-ventral, −2.80 mm). For a
secure fixture of the implantable fiber to the skull, the skull was dried,
and then dental cement was added between the base of the implantable
fiber and the skull. For AAV surgeries, we carried out surgeries and then
performed behavioral paradigm 3 weeks later when the AAV virus was
expressed. For rabies tracing experiment, rabies virus was injected into
the NAc 3 weeks after helper AAVs injection, and rabies virus was
allowed to express for 7–12 d before starting immunohistochemistry
analysis or behavioral paradigm. For retrograde labeling of VTA neurons
projecting to the vNAcMed, the Lumafluor retrobeads (0.5 µl) were
injected into the vNAcMed at the coordinates mentioned previously.

Viral constructs and drugs injection
The viruses used for neural tracing and neuronal manipulation were pre-
sented in Table 1. As in previously described concentrations (Felix-Ortiz
et al., 2013; Noack et al., 2015), the glutamate AMPA receptor antagonist
NBQX (22 mM, ab120045), and the NMDA receptor antagonist D-AP5
(38 mM, ab120003) were dissolved in saline. A volume of 0.5 μl was
microinjected in behavioral studies. The Lumaflour (Lumafluor Inc.)
was used for retrograde labeling of vNAcMed-projecting VTA neurons,
shielded from light.

Optogenetic and chemogenetic manipulations
Blue light stimulation. In experiments with optogenetics applied,

optic fiber implants were connected using an FC/PC adaptor to a
473 nm laser, and a stimulator (Newdoon Inc.) was used to generate
blue light pulses. Electrical stimulation (20 Hz) of DR modulates pain
responses (Andersen and Dafny, 1983; Qiao and Dafny, 1988).
Therefore, 20 Hz optogenetic stimulation was used to drive action poten-
tials in DRN cells in the present study. To test the effect of photoactiva-
tion of DRN-VTADA-NAc neurons, the pain threshold was determined
paired with optical stimulation of blue light (5/10/20/50 Hz, eight pulses
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of 10 ms pulse-width, every 5 s, 10 mW, 473 nm). Two hours later, the
pain threshold test was performed again with the light off. To observe
the effect of repeated photoactivation of DRN-VTADA-NAc neurons,
mice were subjected to a repeated (5 d, 20 min per day, eight pulses of
10 ms pulse-width, every 5 s, 10 mW, 473 nm) low-frequency (1 Hz)
or high-frequency (20 Hz) optogenetic stimulation.

Yellow light stimulation. Optic fiber implants were connected using
an FC/PC adaptor to a 589 nm laser, and a stimulator (Newdoon Inc.)
was used to generate yellow light pulses. Mice were allowed to take a
break of 30 min following the detection of the pain threshold baseline.
For all in vivo behavioral experiments, mice were given a protocol of
15 s of yellow light on (10 mW, 589 nm) and then 5 s of light off during
the thermal or mechanical pain threshold test. Approximately 2 h later,
the pain threshold was measured again with light off.

Designer receptor exclusively activated by designer drugs. We used
designer receptor exclusively activated by designer drugs (DREADDs)
to manipulate the activities of hM3D(Gq)- or hM4D(Gi)-expressed neu-
rons in a Cre-dependent manner (Lopez et al., 2016). For in vivo beha-
vioral experiments, CNO (1 mg/kg, HY-17366, MedChemExpress)
dissolved in DMSO was intraperitoneally injected 30 min before the
pain threshold test to allow the medicine to work. Mice received another
round of pain threshold determination 4 h after CNOwas administrated.

Behavioral measurements
The following behavioral experiments were performed in a blinded man-
ner and during daytime (light cycle), normally starting at 9 A.M.
Animals were habituated to the testing environment daily for at least
1 h before testing. The room temperature and humidity remained stable
for all experiments.

Thermal paw withdrawal latency test. To determine the thermal pain
threshold, a thermal stimulation emitted by a thermal instrument
(BEM-410A) was performed to detect paw withdrawal latency (PWL)
of the left hindpaw. The basal paw withdrawal latency was adjusted to
9–15 s, with a cutoff of 20 s to prevent tissue damage. The detection
was repeated three times at an interval of 5 min in a double-blindedman-
ner. The mean of the PWLs was calculated and analyzed as the thermal
pain threshold (Hargreaves et al., 1988; Liu et al., 2018).

Mechanical paw withdrawal threshold test. The von Frey test was
used to detect the mechanical pain threshold. Mice were confined in
boxes placed on an elevated metal mesh floor and a sequence of von

Frey hairs was employed to perpendicularly stimulate the plantar surface
of the left hindpaw with logarithmically increasing stiffness (0.16–2.00 g,
Stoelting). Fifty percent of the paw withdrawal threshold (PWT) was cal-
culated, conforming to the previously described up-down method (Han
et al., 2016). The frequency response was measured by stimulating the
hindpaw with a 0.16 or 0.4 g von Frey hair for 10 times, and the percent-
age withdrawal response was calculated as frequency (Taves et al., 2016).

Formalin test. Following an acclimation period of at least 30 min,
20 μl of 2.5% formalin dissolved in PBS was injected into the dorsal sur-
face of the hindpaw with a 30 gauge needle. Animals received an intra-
peritoneal injection of DMSO or CNO (1 mg/kg) 10 min before the
injection of formalin. The animals were returned to the plastic box
immediately following the formalin injection. The time spent in licking
paw was video-recorded and measured every 5 min up to 45 min after
the injection. Additionally, the pain responses in acute (0–5 min) and
inflammatory (15–45 min) phases were quantified.

Conditioned place preference procedures. To test whether inhibition
of DRN-VTA neurons could induce conditioned place preference
(CPP) in the chronic pain (CCI) model, we used a protocol as previously
described procedures (King et al., 2009). All mice underwent 3 d of habit-
uation in a two-compartment CPP chamber, which differed by both
visual and tactile cues. On day 4, animal behavior was video-recorded
for 15 min as the baseline. Baseline recordings generally showed a slight
preference to one chamber. Mice that spent more than 80% of the total
time in a chamber were not used for the experiments. On the condition-
ing days (day 5 to day 8), two training sessions were performed. In the
morning session, mice were injected i.p. with DMSO 20 min before
they were placed in their preferred CPP chamber for 1 h. In the afternoon
sessions, the mice were injected i.p. with CNO (1 mg/kg, dissolved in
DMSO) 20 min before they were placed in their nonpreferred chamber
for 1 h. To test the CPP scores upon mechanical stimulation, each mouse
was conditioned in the chamber and was stimulated with 0.16 g or 0.4 g
von Frey filament every 2 min. The morning and afternoon sessions were
separated by at least 4 h. The post-test was performed on day 9, and mice
were placed in the CPP test box with access to both chambers and beha-
vior was recorded for 15 min. CPP score was calculated by subtracting
the time spent in the CNO-paired chamber during the pre-test from
the time spent in the same chamber during the test.

Fiber photometry recording
Following viral injection, an optical fiber (125 µm OD, 0.37 numerical
aperture (NA), Newdoon Inc.) was placed in a ceramic ferrule and
inserted toward the DRN. Fiber photometry used the same fiber to
both excite and record from GCaMPs in real-time. To record fluores-
cence signals, a laser beam was passed through a 488 nm laser (OBIS
488LS; Coherent), reflected off a dichroic mirror (MD498; Thorlabs),
focused by an objective lens (Olympus), and coupled through a fiber col-
limation package (F240FC-A, Thorlabs) into a patch cable connected to
the ferrule of the upright optic fiber implanted in the mouse via a ceramic
sleeve (125 µm OD; Newdoon Inc.). The GCaMP6s fluorescence was
bandpass filtered (MF525-39, Thorlabs) and collected by a photomulti-
plier tube (R3896, Hamamatsu). An amplifier (C7319, Hamamatsu)
was used to convert the photomultiplier tube current output to voltage
signals, which were further filtered through a low-pass filter (40 Hz
cutoff; Brownlee 440). Analysis of the signal was performed with
MATLAB software.

To analyze the responses to mechanical or thermal stimulation, a 30 s
window around the stimulation point was analyzed. The baseline period
was relative to stimulation onset (0 s), and the period from −10 s to 0 s
was taken as the baseline Ca2+ value. The photometry signal F was con-
verted to ΔF/F= (ƒ–ƒbaseline)/ƒbaseline, where ƒbaseline is the averaged base-
line fluorescence signal. Each mouse received four times of stimulation
with an interval of more than 2 min. The ΔF/F values of each mechanical
stimulation were heat plotted for each mouse and averaged. ΔF/F values
of mice within a group were then averaged and plotted with a shaded area
indicating the SEM (Deng et al., 2020; Liu et al., 2022).

Table 1. Virus strains used in this study

Item Source Identifier

rAAV-TH-NLS-Cre-WPRE-pA BrainVTA Cat#PT-0179
rAAV-Ef1α-DIO-His-EGFP-2a-TVA-WPRE-pA BrainVTA Cat#PT-0021
rAAV-Ef1α-DIO-RVG-WPRE-pA BrainVTA Cat#PT-0023
rAAV-CaMKIIα-Cre-WPRE-pA BrainVTA Cat#PT-0220
rAAV-THP2-Cre-WPRE-pA BrainVTA Cat#PT-0396
rAAV-hSyn-Cre-WPRE-pA BrainVTA Cat#PT-0136
rAAV-Ef1α-DIO-hChR2(H134R)-EYFP-WPRE-pA BrainVTA Cat#PT-0001
rAAV-Ef1α-DIO-hChR2(H134R)-mCherry-WPRE-pA BrainVTA Cat#PT-0002
rAAV-Ef1α-DIO-eNpHR3.0-EYFP-WPRE-pA BrainVTA Cat#PT-0006
rAAV-Ef1α-DIO-eNpHR3.0-mCherry-WPRE-pA BrainVTA Cat#PT-0007
rAAV-Ef1α-DIO-EYFP-WPRE-pA BrainVTA Cat#PT-0012
rAAV-Ef1α-DIO-mCherry-WPRE-pA BrainVTA Cat#PT-0013
rAAV-Ef1α-DIO-hM3D(Gq)-mCherry-WPRE-pA BrainVTA Cat#PT-0042
rAAV-Ef1α-DIO-hM4D(Gi)-mCherry-WPRE-pA BrainVTA Cat#PT-0043
rAAV-Ef1α-DIO-GCaMP6s-mCherry-WPRE-pA BrainVTA Cat#PT-0071
RV-ENVA-ΔG-dsRed BrainVTA Cat#R01002
RV-ENVA-ΔG-ChR2-dsRed BrainVTA Cat#R01012
RV-ENVA-ΔG-NpHR3.0-dsRed BrainVTA Cat#R02015
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Patch-clamp recordings in acute brain slices
Experiments were performed on acute slices of mice brains (Stogsdill
et al., 2017; Zhang et al., 2017). Mice were anesthetized with isoflurane
to minimize stress and to obtain healthy brain slices. Murine brains
were rapidly removed after decapitation and placed in high sucrose ice-
cold oxygenated artificial cerebrospinal fluid (aCSF) containing the fol-
lowing (in mM): 254 sucrose, 3 KCl, 1.25 NaH2PO4, 2 CaCl2, 2 MgCl2,
24 NaHCO3 and 10 D-glucose held at pH 7.4 by aeration with 95/5%
O2/CO2. Acute coronal brain slices (250–300 μm) containing the DRN
or the VTA were cut using a vibratome (VT1200S, Leica Biosystems)
in cold sucrose aCSF saturated by 95/5%O2/CO2. Slices were maintained
in holding chambers filled with aCSF containing the following (in mM):
128 NaCl, 3 KCl, 1.25 NaH2PO4, 2 CaCl2, 2 MgCl2, 24 NaHCO3 and 10
D-glucose, pH 7.3, equilibrated with to 95/5% O2/CO2. The slices were
allowed to recover at 32–34°C for 1 h and then maintained at room
temperature.

Patch pipettes (4–6 MΩ) used for recordings were pulled from bor-
osilicate capillaries (World Precision Instruments, Inc.) using a P-97
Flaming/Brown micropipette puller (Sutter Instrument Co.). For whole-
cell recordings and cell-attached recordings, patch pipettes were filled
with an internal solution containing the following (in mM): 115 potas-
sium gluconate, 10 mM HEPES, 10 mM phosphocreatine, 1.5 mM
MgCl2, 20 mM KCl, 2 mM Mg-ATP and 0.5 mM GTP (pH 7.2,
285 mOsm). Cell-attached recordings were carried out using aCSF at
∼32°C. The DRN neurons were discriminated by the fluorescence
expression, and the DA neurons were identified by the fluorescence
and then characterized by the electrophysiological properties
(Krishnan et al., 2007): regular triphasic action potential waveforms, pro-
longed action potential duration, and low firing frequencies. To measure
the intrinsic membrane properties of projection-specific DRN neurons,
the spikes were induced by incremental increases of current injection
(each step increase was 20 pA; range 0–200 pA). For recordings during
optogenetic stimulation, the resting membrane potentials and action
potentials were recorded using the Multiclamp 700B amplifier, and
data acquisition was done in pClamp 10 (Molecular Devices). The series
resistance was monitored during the experiments, and membrane cur-
rents and voltages were filtered at 2 kHz (Bessel filter). For ChR2 exper-
iments, sustained and trains (1–50 Hz) of blue light were delivered to
DRN neurons expressing ChR2 through an optical fiber (200 μm) cou-
pled to a 473-nm laser that was placed within the bath and focused
near the site of recording. For NpHR experiments, 15 s of yellow light
were delivered to DRN neurons expressing NpHR through a 200 μm
optic fiber attached to a 589 nm laser. The miniature excitatory postsyn-
aptic currents EPSCs (mEPSCs) were recorded in the presence of 10 μM
picrotoxin, 2 μM strychnine, and 0.5 μM tetrodotoxin (TTX). To record
optic-evoked AMPAR and/or NMDAR EPSCs, patch pipettes were filled
with the following (in mM): 140 CsCH3O3S, 20 HEPES, 5 TEA-Cl, 0.4
Cs-EGTA, 2.5 Mg-ATP, 0.5 GTP, and 1 QX-314 (pH 7.3). Presynaptic
DRN afferents expressing ChR2 were activated, every 20 s, by blue light
(473 nm, 5 mW, 5 ms) delivered through a 200 μm optic fiber, generated
using the above-mentioned stimulator. Optic-evoked AMPAR EPSCs
were optogenetically elicited at −70 mV, while NMDAR currents were
elicited at a +50 mV holding potential. NMDAR amplitude was opera-
tionally defined as the amplitude of the current 40 ms after the onset
of the evoked current (Huang et al., 2009). To determine the paired-pulse
ratio, two EPSCs were evoked by a pair of blue light stimuli given at
50 ms intervals (Matthews et al., 2016). The paired-pulse ratio was pre-
sented as the ratio of the amplitude of the second synaptic response to the
amplitude of the first synaptic response.

Immunohistochemistry
Mice were anesthetized using 2% isoflurane and were intracardially per-
fused with phosphate-buffered saline (PBS, 40 ml, PH 7.4) followed by
4% paraformaldehyde (PFA, 20 ml). Brains were subsequently separated
and post-fixed in a 4% PFA solution at 4°C for 8–12 h. After post-fi
xation, brains were washed with PBS and left in a 30% sucrose solution
for 48–72 h. Successive frozen sections of brain tissue at 40 µm thick were
prepared with a freezing microtome (VT1000S, Leica Microsystems). For
immunofluorescent staining, sections were incubated with blocking

buffer (3% bovine serum albumin in tris-buffered saline) for 2 h at room
temperature, followed bywashing in PBS for 3× 5 min. A primary antibody
(Table 2) was added at appropriate dilution in a staining solution (3% BSA
and 0.2% Triton X-100 in TBS) and incubated overnight (4°C). Following
washing in PBS for 3× 5 min, sectionswere added by secondary antibody at
appropriate dilution in a staining solution for 2 h at room temperature and
then were washed in PBS for 3× 5 min again. Finally, sections were
mounted on slides, air-dried in darkness, and coverslipped. These sections
were visualized by laser scanning confocal microscopy (LSM 880, Zeiss).

Experimental design and statistical analysis
The sample sizes were determined based on the literature of the field and
our previous experience (King et al., 2009; Stogsdill et al., 2017; Zhang
et al., 2017; Donnelly et al., 2021). No statistical methods were used to
predetermine sample sizes. Each experiment was repeated in multiple
animals (see relevant figure legends). The animals were randomly allo-
cated to experimental groups in all experiments. Double-blind tests
were adopted in all behavioral experiments. All data were expressed as
mean ± standard error of the mean (SEM), as indicated in the figure leg-
ends. Statistical analysis was performed using GraphPad Prism
(GraphPad Software, Inc.). Two experimental groups were compared
using a two-tailed paired Student’s t test or unpaired Student’s t test,
and three or more groups were compared using the one-way ANOVA
or repeated measures one-way ANOVA with post hoc Tukey’s tests for
multiple comparisons. The comparison of behavioral data from different
time points was made using a two-way repeated measures ANOVA, with
post hoc Bonferroni’s test, when appropriate. The criterion for statistical
significance was p < 0.05.

Results
DRN glutamatergic neurons are activated in response to
painful stimulation
DRNprojection neurons are heterogeneous and include serotoner-
gic, glutamatergic, GABAergic, and dopaminergic subpopulations
(Vasudeva et al., 2011; Luo et al., 2015). The role of the DRN ser-
otonin neurons in pain regulation is well known (Duggan and
Griersmith, 1979; Cohen and Mao, 2014; De Gregorio et al.,
2019). Therefore, we were interested in investigating the roles of
DRN nonserotonin neurons in pain processing. The genetically
encodable fluorescent calcium indicator, GCaMP6s, was utilized
to enable real-time recording of fluctuations in neural activity
(Gunaydin et al., 2014). We firstly expressed GCaMP6s in DRN
glutamatergic neurons under the control of CaMKIIα promoter,
whichwas recently used to label glutamatergic neurons inmidbrain
structures including the periaqueductal gray (PAG) and superior
colliculus (Zhou et al., 2019; Huang et al., 2019a), and collected

Table 2. Chemicals and antibodies used in this study

Item Source Identifier

Clozapine N-oxide MedChemExpress Cat#HY-17366
NBQX Abcam Cat#ab120045
D-AP5 Abcam Cat#ab120003
Retrobeads Lumafluor Lumafluor N/A
Mouse monoclonal anti-TH antibody Millipore RRID:AB_2201528
Mouse monoclonal anti-CaMKIIα antibody ThermoFisher RRID:AB_325403
Rabbit monoclonal anti-c-fos antibody Cell Signaling

Technology
RRID:AB_2247211

Goat polyclonal anti-Serotonin antibody Abcam RRID:AB_1142794
Rabbit anti-glutamate antibody Sigma-Aldrich RRID:AB_259946
Donkey anti-mouse Alexa Fluor 488 antibody ThermoFisher RRID:AB_141607
Goat anti-mouse Alexa Fluor 405 antibody ThermoFisher RRID:AB_221604
Goat anti-mouse Alexa Fluor 594 antibody ThermoFisher RRID:AB_2534091
Donkey anti-goat Alexa Fluor 488 antibody ThermoFisher RRID:AB_2762838
Donkey anti-rabbit Alexa Fluor 488 antibody ThermoFisher RRID:AB_2762833
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Figure 1. Continued.
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GCaMP6s emission with optic fiber (Fig. 1A–C). We found
that 93.5% of GCaMP6s-positive neurons co-labeled with
CaMKIIα using immunohistochemistry (Fig. 1D,E). Furthermore,
most of the GCaMP6s-positive neurons also expressed glutamate
(Fig. 1F,G). Fiber photometry results showed that no significant
change of fluorescence signal was observed in sham-operated
mice in response to nonpainful 0.6 g von Frey filament stimulation
on the hindpaw (Fig. 1H). Nevertheless, painful stimulation with
2.0 g von Frey filament notably increased the fluorescence signal
in DRN neurons of sham-operated mice as compared to their basal
activity (Fig. 1I). This effect was also found in CCI mice when they
received 0.6 g von Frey filament stimulation (Fig. 1J), which was
reliable to induce mechanical allodynia in these animals (Chen
et al., 2015). Consistently, painful thermal stimulation triggered
transient increases in calcium fluorescence in DRN glutamatergic
cells (Fig. 1K). These data indicated activation of the DRNglutama-
tergic neurons upon painful stimulation.

We next investigated the calcium fluorescence signal in DRN
DA neurons in response to painful stimulation. A mix (200 nl) of
AAV expressing tyrosine hydroxylase (TH)-Cre- and Cre-
dependent AAV-DIO-GCaMP6s was injected into the DRN
(Fig. 2A,B). Interestingly, fiber photometry showed that neither
mechanical stimulation in sham-operated mice nor CCI mice
was able to change the fluorescence signal in DRN DA neurons
(Fig. 2C–E). These data suggested that DRN DA neurons might
not be involved in pain processing. We next injected
AAV-DIO-GCaMP6s into the DRN of vesicular GABA trans-
porter (Vgat)-Cre mice to examine the GABAergic neural activ-
ity in response to painful stimulation (Fig. 2F,G). Fiber
photometry demonstrated that mechanical stimulation (0.6 or
2.0 g filament) did not change the fluorescence signal intensity
in DRN GABA neurons (Fig. 2H,I). Additionally, the calcium
activity was also not changed in CCI mice when they received
0.6 g filament stimulation (Fig. 2J). Taken together, these
findings suggested that painful stimulation induced activation
in DRN glutamatergic neurons.

Optogenetic activation of DRN glutamatergic neurons
projecting to the VTA produces pain hypersensitivity
We aimed to investigate the DRN glutamatergic neuron’s output
circuitry that may mediate the pain responses. Following the
injection of AAV-CaMKIIα-eYFP into the DRN, we observed
dense eYFP+ fibers in the VTA (Fig. 3), a brain region suggested
being involved in the pathophysiology of pain perception
(Brischoux et al., 2009; Zhang et al., 2017; Liu et al., 2018). To
examine the functional importance of VTA-projecting DRN glu-
tamatergic neurons in the regulation of pain sensation,

GCaMP6s was expressed in these neurons through the
Cre-dependent manner (Fig. 4A,B). We found that DRN-VTA
CaMKIIα+ neurons exhibited significant increases in calcium
activity when mechanical painful stimulation was applied to
the ipsilateral hindpaw of CCI mice (Fig. 4C,D). This effect was
also seen in CCI mice when they received thermal painful stim-
ulation in their ipsilateral hindpaw (Fig. 4E,F). These results sug-
gested that VTA-projecting DRN glutamatergic neurons were
activated in response to painful stimulation.

Next, we tested the effect of activating the DRN-VTA glutama-
tergic pathway on the pain threshold in sham-operated mice
(Fig. 4G). Immunofluorescence staining and path-clamp recording
confirmed functional ChR2 expression in DRN neurons (Fig. 4H,
I). We delivered 473 nm light of 5 ms pulse-width at 20 Hz, a pat-
tern used for DRN stimulation to promote behavioral changes (Liu
et al., 2014;McDevitt et al., 2014), and found that optical activation
of DRN-VTA glutamatergic neurons resulted in significant
decreases in thermal pawwithdrawal latency (Fig. 4J) andmechan-
ical pawwithdrawal threshold (Fig. 4K) in sham groupmice. These
data establish a causal role for DRN glutamatergic neurons in facil-
itating pain sensation.

DRN-VTA glutamatergic neurons are necessary for pain
modulation
To determine whether DRN-VTA glutamatergic projection was
necessary for pain processing, we investigated the effect of optoge-
netic inhibiting this pathway on the pain responses in CCI mice
(Fig. 4L). Anatomical study and functional validation confirmed
NpHR expression in DRN cells projecting to the VTA (Fig. 4M–
O). Behavioral data revealed that optical inhibition of the
DRN-VTA glutamatergic pathway attenuated the thermal hyper-
algesia and mechanical allodynia in CCI mice (Fig. 4P,Q).

Additionally, the formalin test was performed to further evalu-
ate the effect of suppressing DRN-VTA glutamatergic neurons on
inflammatory pain with DREADD-based chemogenetics (Fig. 5A).
With the validation of hM4Di expression in DRN neurons
(Fig. 5B–D), mice were injected i.p. with DMSO or
clozapine-N-oxide (CNO, 1 mg/kg, i.p.) 10 min before injection
of formalin into the hindpaw (Zhou et al., 2018). We discovered
that CNO injection reduced the second phase of the formalin
test (Fig. 5E,F). Consistently, in the mouse model of neuropathic
pain, chemogenetic inhibition of DRN-VTA glutamatergic neu-
rons markedly relieved the thermal hyperalgesia and mechanical
allodynia (Fig. 5G–I). Next, we investigated whether the
DRN-VTA pathway identified was necessary for the affective
aspect of chronic pain. Behavioral data showed that chemogenetic
suppression of DRN-VTA glutamatergic neurons induced CPP in

Figure 1. Peripheral painful stimulation evokes calcium activity in DRN glutamatergic neurons. A, Schematic for recording activity of GCaMP6s-expressing neurons in the DRN. B, Experimental
design showing viral injection (left panel) and the representative image displaying GCaMP6s expression and optic fiber placement (right panel). Scale, 50 μm. C, GCaMP6s expression distributions
at the DRN of mice used for photometry recording. D, E, Confocal images (D) and quantification (E) showed that 93.5% of GCaMP6s-expressing DRN cells (green) were CaMKIIα-positive (red)
(n= 6 sections from 5 mice). Scale, 100 μm (25 μm for insets). F, Confocal images showing GCaMP6s (green) and glutamate (red) with white arrows indicating co-labeled neurons.
G, Quantitative data showed that the majority of DRN GCaMP6s-positive neurons expressed glutamate (n= 6 sections from 3 mice). Scale, 50 μm. H, Response of DRN glutamatergic neurons
following mechanical stimulation (von Frey, 0.6 g) in sham-operated mice (top, activity heatmap where each line corresponds to a single stimulation event, middle: average activity trace of
20 stimulation events; bottom, quantification of change in fluorescence in mice following exposure to stimulation). The red arrow indicates the time point at which stimulation occurred (paired
t test, t4 = 0.2418, p= 0.8208; n= 5 mice). I, Response of DRN glutamatergic neurons following painful stimulation (von Frey, 2.0 g) in sham-operated mice. The red arrow indicates the time
point at which stimulation occurred (paired t test, t4 = 4.237, *p= 0.0133, n= 5 mice). J, Response of DRN glutamatergic neurons following mechanical stimulation (von Frey, 0.6 g) in CCI mice
(top, activity heatmap where each line corresponds to a single stimulation event, middle: average activity trace of 20 stimulation events; bottom, quantification of change in fluorescence in mice
following exposure to painful stimulation). The red arrow indicates the time point at which stimulation occurred (paired t test, t4 = 5.310, **p= 0.006, n= 5 mice). K, Response of DRN
glutamatergic neurons following painful thermal stimulation in CCI mice. The red arrow indicates the time point at which stimulation occurred (paired t test, t4 = 5.485, **p= 0.0054,
n= 5 mice). Data are represented as mean ± SEM.
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CCImice (Fig. 5J,K). The CPP response is consistent with previous
reports showing that relief of chronic pain alters preference
responses in rodents (King et al., 2009; Lim et al., 2014).
Furthermore, we found that the CPP scores were increased when
sham mice were paired with CNO injection and mechanical stim-
ulation with 0.16 g filament. However, the CPP scores were
decreased when paired with CNO injection and mechanical stim-
ulation with 0.4 g filament, which increased the withdrawal fre-
quency in sham group mice (Fig. 5L,M). Collectively, these data
suggested that DRN glutamatergic neurons projecting to the
VTA are essential for the modulation of both sensory and affective
components of pain.

DRN-VTA serotonergic neurons are not involved in pain
processing
It was believed that a subpopulation of DRN glutamatergic
neurons co-expressed rate-limiting enzymes for serotonin produc-
tion (tryptophan hydroxylase; TPH) (Qi et al., 2014). Also, the
DRN was the major source of serotonin in the forebrain (Baker
et al., 1990; Jacobs and Azmitia, 1992), but it remained unclear
whether VTA-projecting DRN serotonin neurons contributed to
the regulation of pain sensation. We expressed GCaMP6s in
DRN-VTA serotonin neurons under the control of a TPH2 pro-
moter and tested the calcium fluorescence signal (Fig. 6A,B).

Intriguingly, we found that the activity of DRN-VTA serotonin
neurons did not exhibit notable change after applying mechanical
stimulation (Fig. 6C–E), indicating that the DRN-VTA serotonin
neurons did not significantly respond to painful stimulation.

We then assessed whether optogenetic manipulation of the
DRN-VTA serotonin pathway was able to regulate pain sensa-
tion. The ChR2-mCherry or control virus was expressed in
DRN-VTA serotonin neurons in a Cre-dependent manner
(Fig. 6F). Immunofluorescence staining validated that the major-
ity of mCherry+ DRN neurons co-expressed serotonin (Fig. 6G,
H). Whole-cell recording confirmed that the DRN-VTA seroto-
nin neurons were reliably activated by optical stimulation
(Fig. 6I). We optically activated these neurons and found that
the pain threshold in sham mice was not changed (Fig. 6J).
Furthermore, we revealed that optogenetic inhibition of the
DRN-VTA serotonin pathway could not reverse thermal hyper-
algesia and mechanical allodynia in CCI mice (Fig. 6K–M).
Taken together, these data indicated that DRN-VTA serotonin
neurons did not contribute to pain regulation.

Activation of DRN-VTADA-vNAcMed neurons in mice with
neuropathic pain
Our data revealed that DRN-VTA glutamatergic neurons played
an essential role in pain processing. How does the altered VTA

Figure 2. The Ca2+ activity of DRN dopaminergic and GABAergic neurons show insignificant response to painful stimulation. A, Experimental design for GCaMP6s expression in DRN dopa-
minergic neurons and calcium imaging in freely moving mice. B, Schematic showing viral injection (left panel). GCaMP6s was virally expressed and a GRIN lens was implanted to target the DRN
region (right panel). Scale, 50 μm. C, Response of DRN dopamine neurons following mechanical stimulation (von Frey, 0.6 g) in sham mice (top, activity heatmap where each line corresponds to
a single stimulation event; bottom, average activity trace of 20 stimulation events). The red arrow indicates time point at which stimulation occurred (n= 5 mice). D, Response of DRN dopamine
neurons following painful stimulation (von Frey, 2.0 g) in sham mice (top, activity heatmap where each line corresponds to a single stimulation event; bottom, average activity trace of 20
stimulation events) (n= 5 mice). E, Response of DRN dopamine neurons following mechanical stimulation (von Frey, 0.6 g) in CCI mice (top, activity heatmap where each line corresponds to a
single stimulation event; bottom, average activity trace of 20 stimulation events) (n= 5 mice). F, Experimental timeline. G, Schematic showing viral injection in Vgat-Cre mice (left panel).
GCaMP6s was virally expressed and a GRIN lens was implanted to target the DRN region (right panel). Scale, 50 μm. H, Response of DRN GABAergic neurons following mechanical stimulation
(von Frey, 0.6 g) in sham mice (top, activity heatmap where each line corresponds to a single stimulation event; bottom, average activity trace of 20 stimulation events). The red arrow indicates
time point at which stimulation occurred (n= 5 mice). I, Response of DRN GABAergic neurons following painful stimulation (von Frey, 2.0 g) in sham mice (top, activity heatmap where each line
corresponds to a single stimulation event; bottom, average activity trace of 20 stimulation events) (n= 5 mice). J, Response of DRN GABAergic neurons following mechanical stimulation (von
Frey, 0.6 g) in CCI mice (top, activity heatmap where each line corresponds to a single stimulation event; bottom, average activity trace of 20 stimulation events) (n= 5 mice). Data are
represented as mean ± SEM.
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output contribute to pain neuraxis? The shell region of NAc is an
important hub that processes pain signals (Baliki et al., 2010;
Baliki and Apkarian, 2015; Ren et al., 2016). The dopamine
neurons that project to the NAc lateral shell were located in
the lateral VTA, while neurons that project to the NAcMed
were mainly located in the medial VTA (Lammel et al., 2011).
When compared to the sham-operated mice, the in vitro firing
rates were increased in VTADA-vNAcMed neurons, yet the
firing activity in VTADA-dNAcMed neurons showed a decreas-
ing tendency, in mice with neuropathic pain (Fig. 7A–F).

We subsequently aimed to characterize the anatomical and
functional connections of the DRN and the mesolimbic dopamine
pathway. To visualize presynaptic partners of VTADA-NAc neu-
rons, we took advantage of the rabies-based tracing system
(Watabe-Uchida et al., 2012; Deshpande et al., 2013; Beier

et al., 2015). The helper viruses expressing RVG and TVA
(Miyamichi et al., 2013) were infused into the VTA in mice
that received an intra-vNAcMed injection of retrograde AAV-
TH-Cre. Three weeks later, we injected a modified rabies virus
(RV-EnvA-ΔG-DsRed) (Wall et al., 2010; Callaway and Luo,
2015) into the vNAcMed (Fig. 7G). Morphological data revealed
that most of the EGFP-positive and DsRed-positive neurons in
the VTA expressed TH (Fig. 7H). Consistent with previous results
(Watabe-Uchida et al., 2012), we found that the VTADA-vNAcMed
neurons received notable inputs from a cluster of DsRed+ neurons
within the DRN (Fig. 7I). Immunohistochemical classification
demonstrated that themajority of DsRed+ DRN neurons expressed
CaMKIIα (Fig. 7J). Together, these results validated Cre-depen-
dent and RV-based retrograde transsynaptic labeling of the
DRN-VTADA-vNAcMed neurons.

Figure 3. Viral tracking the outputs of DRN glutamatergic neurons. A, The schematic showed an intra-DRN injection of AAV2/9-CaMKIIα-eYFP in wild-type mice. B, Confocal images showing
expression of eYFP in DRN neurons. Scale, 50 μm. C–H, Coronal brain sections revealed that eYFP-positive terminals were expressed in the NAc (C), the central amygdaloid nucleus (CeA) (D), the
lateral habenular nucleus (LHb) (E), the lateral hypothalamic area (LHA) (F), the VTA (G), and the reticulotegmental nucleus of the pons (RtTg) (H) following viral injection into the DRN. Scale,
150 μm.
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Figure 4. Continued.
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We next used electrophysiological recording and c-Fos stain-
ing to investigate the activity of DRN neurons that synapse on
VTADA-vNAcMed neurons in mice with neuropathic pain
(Fig. 7K). Patch-clamp recording from DsRed+ DRN neurons
in CCImice showed a significantly higher firing rate as compared
with controls (1.79 ± 0.18 Hz vs 3.68 ± 0.36 Hz) (Fig. 7L,M). We
also found that the total numbers and percentages of
c-Fos-expressing cells were increased in DsRed+ DRN neurons
in CCI mice (Fig. 7N–P), which was consistent with previous
studies reporting greater neural activity in rodents with chronic
pain (Borges et al., 2013; Tache et al., 2014; Sagheddu et al.,
2015). These results indicated that the activity of the DRN neu-
rons innervating VTADA-vNAcMed neurons was increased after
neuropathic pain.

DRN-VTADA-vNAcMed circuit is necessary and sufficient
for pain regulation
We next studied whether DRN-VTADA-vNAcMed neurons were
necessary for pain perception and investigated whether the pain
regulatory roles were specific to this DRN-originated neural
pathway. The ChR2-DsRed were expressed in DRN neurons
innervating VTADA-vNAcMed neurons through rabies virus
(Fig. 8A), and we tested the effect of activation of these neurons
on pain threshold in sham mice. Behavioral data showed
that optogenetic stimulation (5, 10, or 20 Hz, 473 nm) of
DRN-VTADA-vNAcMed neurons reliably decreased the thermal
(Fig. 8B) and mechanical (Fig. 8C) pain threshold, indicating that
the activation of this pathway induced thermal and mechanical
pain hypersensitivity.

To examine whether inhibiting this pathway rescued the pain
responses in a mouse model of neuropathic pain, control rabies
virus or one expressing NpHR was expressed in DRN-VTADA-
vNAcMed neurons (Fig. 8D). Patch-clamp recording confirmed
that the firing of these projection-specific DRN neurons was
reliably inhibited by yellow light illumination (15 s on/5 s off,
589 nm) (Fig. 8E). Also, immunofluorescence staining validated a
cluster of NpHR-DsRed-positive neurons within the DRN
(Fig. 8F). Behavioral results showed that inhibition of DRN-
VTADA-vNAcMed neurons attenuated the established thermal
hyperalgesia and mechanical allodynia in CCI mice, whereas this
effect was not observed in CCI mice expressing control rabies virus

(Fig. 8G). Consistently, we found that optogenetic silencing of
DRN-VTADA-vNAcMed neurons rescued pain hypersensitivity in
a Complete Freund’s adjuvant (CFA)-induced mouse model of
inflammatory pain (Fig. 8H). These data suggested the necessary
and sufficient roles of the DRN-VTADA-vNAcMed neurons for
maintaining thermal hyperalgesia and mechanical allodynia in
mice.

DRN neurons project directly to the NAc, and this DRN-NAc
pathway is believed to participate in social interaction and decisions
(Xu et al., 2017; Walsh et al., 2018). We thus wanted to know
whether DRN neurons directly modulated pain via downstream
NAc neurons. With validated hM3Dq expression in DRN-
vNAcMed neurons, we found that chemogenetic activation of these
neurons through CNO injection (i.p.,1 mg/kg) could not change
pain threshold in sham mice (Fig. 9A–D). We then selectively
expressed hM4Di in DRN-vNAcMed neurons and found that the
chemogenetic silencing of these neurons was insufficient to rescue
thermal hyperalgesia in CCI mice (Fig. 9E–H). Together, our
findings indicated that DRN neurons predominately processed
pain sensation via governing the VTADA-vNAcMed neurons but
not through controlling the vNAcMed neurons directly.

Enhanced DRN excitatory synaptic transmission onto
VTADA-vNAcMed neurons in neuropathic pain
We hypothesized that activation of DRN neurons in response
to chronic pain increased the excitatory drive from the
DRN to activate VTADA-vNAcMed neurons. To label the
vNAcMed-projecting VTA DA neurons, retrograde AAV-TH-
Cre and Cre-dependent AAV-DIO-eYFP were injected into
the vNAcMed and VTA, respectively (Fig. 10A). Immunostain-
ing validation showed that a substantial number of VTADA-
vNAcMed neurons were targeted by this approach (Fig. 10B).
Patch-clamp recording of miniature excitatory postsynaptic
current (mEPSC) in eYFP+ VTA neurons in brain slices
showed that the frequency and amplitude of mEPSC were
significantly increased in CCI mice (Fig. 10C–E), indicating
the involvement of excitatory synaptic transmission in pain
modulation.

Next, we demonstrated howDRNglutamatergic neurons inner-
vated VTADA-vNAcMed neurons, which neurotransmitters they
released, and whether their activation was sufficient to elicit a

Figure 4. DRN-VTA glutamatergic neurons contribute to pain regulation. A, Experimental design for calcium imaging in DRN-VTA neurons in freely moving mice. Scale, 50 μm. B, The position
of optic fiber tips (blue cross) in the DRN of mice used for photometry recording. C, Response of DRN-VTA glutamatergic neurons following mechanical stimulation (von Frey, 0.6 g) in
contralateral hindpaw of CCI mice (top, activity heatmap where each line corresponds to a single stimulation event; middle, average activity trace of 20 stimulation events; bottom, quantification
of change in fluorescence in mice following exposure to mechanical stimulation). The red arrow indicates time point at which stimulation occurred (paired t test, t5 = 1.990, p= 0.1033, n= 6
mice). D, Response of DRN-VTA glutamatergic neurons following mechanical stimulation (von Frey, 0.6 g) in ipsilateral hindpaw of CCI mice (top, activity heatmap where each line corresponds to
a single stimulation event; middle, average activity trace of 20 stimulation events; bottom, quantification of change in fluorescence in mice following mechanical stimulation). The red arrow
indicates time point at which stimulation occurred (paired t test, t5 = 6.080, **p= 0.0017, n= 6 mice). E, Response of DRN-VTA glutamatergic neurons following painful thermal stimulation in
contralateral hindpaw of CCI mice. The red arrow indicates time point at which stimulation occurred (paired t test, t5 = 0.9764, p= 0.3737, n= 6 mice). F, Response of DRN-VTA glutamatergic
neurons following painful thermal stimulation in ipsilateral hindpaw of CCI mice (paired t test, t5 = 6.676, **p= 0.0011, n= 6 mice). G, Schematic showing viral injection. H, Confocal images
and quantification showed that 92.4% of mCherry-expressing DRN neurons were CaMKIIα-positive (n= 3 sections from 3 mice). Scale, 50 μm. I, Whole-cell recording from ChR2-mCherry infected
DRN neurons in slices showed that long duration (500 ms, left panel) or ten short bursts (20 Hz, middle panel) of blue light induced inward photocurrents and multiple short bursts (20 Hz, right
panel) of blue light induced temporally precise spikes. J, The effect of blue light illumination on thermal paw withdrawal latency in sham-operated mice expressing mCherry versus ChR2-mCherry
(two-way repeated measures ANOVA, group × epoch interaction, F1,12 = 21.68, p< 0.001; post hoc Bonferroni’s analysis, ***p< 0.001, n= 7 mice/group). K, The effect of blue light illumi-
nation on mechanical paw withdrawal threshold in sham-operated mice (two-way repeated measures ANOVA, group × epoch interaction, F1,12 = 9.674, p= 0.009; post hoc Bonferroni’s analysis,
**p< 0.01, n= 7 mice/group). L, Schematic showing viral injection into the VTA and DRN. M, Confocal images showing expression of NpHR-eYFP within the DRN. Scale, 100 μm. N, Whole-cell
recordings from NpHR-eYFP infected DRN neurons in brain slices showed that yellow light induced outward current (left panel) and hyperpolarized membrane potential (right panel). O, Yellow
light illumination inhibited the firing activity in an NpHR-eYFP-expressing DRN neuron. P, Optogenetic inhibition of DRN-VTA pathway attenuated the thermal hyperalgesia in mice
with neuropathic pain (two-way repeated measures ANOVA, group × epoch interaction, F3,28 = 9.507, p < 0.001; post hoc Bonferroni’s analysis, ***p < 0.001, n = 8 mice/group).
Q, Optogenetic silencing of DRN-VTA glutamatergic neurons alleviated mechanical allodynia in CCI mice (Two-way repeated measures ANOVA, F3,28 = 15.33, p < 0.001; post hoc
Bonferroni’s analysis, ***p < 0.001, n = 8 mice/group). Data are represented as mean ± SEM.
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Figure 5. Effects of chemogenetic inhibition of DRN glutamatergic inputs into the VTA. A, Experimental timeline for testing effects of chemogenetic suppressing DRN-VTA glutamatergic
neurons on formalin-induced pain behavior. B, Schematic showing AAV2/retro-CaMKIIα-Cre injected into the VTA and AAV-DIO-hM4Di-mCherry injected into the DRN. C, Confocal images showing
expression of hM4Di-mCherry in DRN neurons. Scale, 150 μm. D, Representative traces showed that bath application of CNO (5 μm) reduced the firing activity in hM4Di-mCherry-expressing DRN
neurons in the brain slice. E, Percentage of time spent in paw licking during acute and inflammatory phases of formalin test (two-way repeated measures ANOVA, F1,10 = 10.63, p= 0.009; post
hoc Bonferroni’s analysis, *p< 0.05, **p< 0.01, n= 6 mice/group). F, Time spent paw licking during the acute phase and the inflammatory phase of formalin test in hM4Di-expressed mice
with an intraperitoneal injection of DMSO versus CNO (two-way repeated measures ANOVA, F1,10 = 7.36, p= 0.0218; post hoc Bonferroni’s analysis, **p< 0.01, n= 6 mice/group).
G, Experimental timeline (top panel) and schematic (bottom panel) showing viral injection, surgery, and behavioral tests. H, Intraperitoneal injection of CNO (1 mg/kg) increased the thermal
pain threshold in CCI mice expressing hM4Di-mCherry when compared to those expressing mCherry (two-way repeated measures ANOVA, F1,14 = 24.48, p< 0.001; post hoc Bonferroni’s analysis,
***p< 0.001, n= 8 mice/group). I, Chemogenetic inhibition of DRN-VTA glutamatergic neurons attenuated mechanical allodynia in CCI mice (two-way repeated measures ANOVA,
F1,14 = 45.68, p< 0.001; post hoc Bonferroni’s analysis, ***p< 0.001, n= 8 mice/group). J, Experimental timeline. K, Pairing with an intraperitoneal injection of CNO (1 mg/kg) induced
CPP in CCI mice (Unpaired t test, t= 5.007, ***p< 0.001, n= 8 mice/group). L, Intraperitoneal injection of CNO (1 mg/kg) increased the paw withdrawal frequency in sham mice during
mechanical stimulation of the hindpaw with 0.4 g, but not 0.16 g, von Frey filament (Unpaired t test, t= 5.534, ***p< 0.001, n= 6–8 mice/group). M, Pairing with CNO injection and
mechanical stimulation of the hindpaw with 0.16 g von Frey fiber increased the CPP scores in sham mice. Pairing with CNO injection and stimulation of the hindpaw with 0.4 g fiber decreased
the CPP scores in sham mice (for 0.16 g fiber, Unpaired t test, t= 5.693, ***p< 0.001, n= 8 mice/group; for 0.4 g fiber, Unpaired t test, t= 3.989, **p< 0.01, n= 6 mice/group). Data are
represented as mean ± SEM.
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Figure 6. DRN-VTA serotonergic input plays insignificant roles in pain regulation. A, Experimental design for expression of GCaMP6s in DRN-VTA serotonin neurons and calcium imaging in
freely moving mice. Scale, 50 μm. B, The position of optic fiber tips (blue cross) in the DRN of mice used for photometry recording. C, Response of DRN-VTA serotonin neurons following
mechanical stimulation (von Frey, 0.6 g) in sham-operated mice (top, activity heatmap where each line corresponds to a single stimulation event; middle, average activity trace of 24 stimulation
events; bottom, quantification of change in fluorescence in mice following exposure to stimulation). The red arrow indicates time point at which stimulation occurred (paired t test, t5 = 1.141,
p= 0.3055, n= 6 mice). D, Response of DRN-VTA serotonin neurons following painful stimulation (von Frey, 2.0 g) in sham-operated mice. The arrow indicates time point at which stimulation
occurred (paired t test, t5 = 0.0164, p= 0.9876, n= 6 mice). E, Response of DRN-VTA serotonin neurons following mechanical stimulation (von Frey, 0.6 g) in CCI mice. The arrow indicates time
point at which stimulation occurred (paired t test, t5 = 0.3216, p= 0.7608, n= 6 mice). F, Schematic showing viral injection into the DRN and VTA. G, H, Confocal images (G) and quantification
(H) showed that the majority of mCherry-expressing DRN cells were serotonin-positive (n= 5 sections from 3 mice). I, In ChR2-mCherry infected DRN neurons, long duration (500 ms, left panel)
or short bursts (20 Hz, 5 ms, middle panel) of blue light induced temporally precise inward photocurrents and short bursts (20 Hz, right panel) of blue light produced spikes. J, There was no
difference in thermal (left) and mechanical (right) pain thresholds between mCherry-expressed and ChR2-mCherry-expressed sham mice when they received blue light illumination (two-way
repeated measures ANOVA, group × epoch interaction, left: F1, 19 = 0.03038, p= 0.8635; right: F1, 19 = 0.5873, p= 0.4529; n= 9, 12 mice/group). K, Schematic showing viral expression of
mCherry or NpHR-mCherry in DRN-VTA serotonin neurons. L, The whole-cell recording revealed that yellow light illumination (15 s) of an NpHR-mCherry-positive DRN neuron reliably inhibits
its firing activity. M, Optic inhibition of DRN-VTA serotonin neurons could not change the thermal hyperalgesia (left) and mechanical allodynia (right) in CCI mice (two-way repeated measures
ANOVA, group × epoch interaction, left: F1, 14 = 0.3204, p= 0.5803; right: F1, 14 = 0.8597, p= 0.3695; n= 8 mice/group). Data are represented as mean ± SEM.
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notable postsynaptic effect. The VTADA-vNAcMed neurons were
labeled through injection of red retrobeads into the vNAcMed,
and ChR2-eYFP was expressed in the DRN-VTA CaMKIIα+

neurons in a Cre-dependent manner (Fig. 10F). We found that
91.1% of retrobeads+ neurons co-labeled with TH (Fig. 10G,H),
which is consistent with the overlap reported in previous
studies (Chaudhury et al., 2013; Liu et al., 2018). Furthermore,

the retrobeads+ neurons were surrounded by dense terminals
of VTA-projecting eYFP+ DRN neurons (Fig. 10G). We next pre-
pared VTA slices and optogenetic stimulation of ChR2-expressing
DRN neural terminals elicited AMPAR-mediated EPSC in
retrobeads+ neurons (Fig. 10I–K). Moreover, the EPSC could be
blocked by TTX and restored in the presence of 4-aminopyridine
(4-AP) (Fig. 10L), suggesting a monosynaptic glutamate release

Figure 7. Neuropathic pain causes activation of DRN-VTADA-vNAcMed neurons. A, Schematic of viral injection. B, Sample traces recorded from VTA-vNAcMed neurons in VTA slices. C, Firing
rates of VTA-vNAcMed DA neurons from sham and CCI mice (two-tailed t test, t16 = 2.800, *p= 0.0128; n= 8, 10 neurons/5 mice per group). D, Anatomical injection sites for viruses. E, Sample
traces recorded from VTA-dNAcMed neurons in VTA slices. F, Firing rates of VTA-dNAcMed DA neurons from sham and CCI mice (two-tailed t test, t17 = 1.861, *p= 0.0801; n= 9, 10 neurons/5
mice per group). G, Schematic for labeling presynaptic partners of VTADA-vNAcMed neurons using the rabies-based tracing tools. H, Confocal images (top panel) and quantification (bottom panel)
showing co-expression of DsRed and EGFP in TH-positive cells (n= 2 sections from n= 4 mice). The insets indicated an enlarged box. Scale, 50 μm (20 μm for insets). I, Whole-brain input data to
the VTADA-vNAcMed neurons (bottom panel) and representative DRN neurons (top panel) are defined by transsynaptic labeling. Brain region is plotted on the x-axis, and percentage of total
inputs is on the y-axis (n= 4). Scale, 200 μm. J, Diagrams of the injection sites for rabies labeling of DRN-VTADA-vNAcMed neurons (top panel). Representative images and quantification showed
the immunofluorescent staining signals in the DRN (green for CaMKIIα and red for DsRed) with white arrows indicating co-labeled neurons (n= 4 sections from 4 mice). Scale, 25 μm.
K, Experimental paradigm for testing the neural activity of DRN-VTADA-vNAcMed neurons in mice with neuropathic pain. L, Sample traces showing firing activity of DRN-VTADA-vNAcMed neurons
from CCI mice and sham controls. M, Comparison (left panel) and cumulative probability distributions (right panel) of firing rate in DRN-VTADA-vNAcMed neurons from two groups of mice
(t26 = 4.417, ***p< 0.001; two-tailed t test, n= 13, 15). N, Confocal images showing DsRed (Red) and c-Fos (Green) in DRN slices from sham and CCI mice. The insets indicated DRN neurons
co-expressing DsRed and c-Fos. Scale, 80 μm. O, Total numbers of DRN neurons co-expressing DsRed and c-Fos (t8 = 8.630, ***p< 0.001; two-tailed t test, n= 5 mice/group). P, Percentages of
c-Fos-expressing neurons in DsRed+ DRN neurons (t8 = 8.084, ***p< 0.001; two-tailed t-test, n= 5 mice/group).
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in VTADA-vNAcMed neurons (Petreanu et al., 2007; Felix-Ortiz
et al., 2013). Taken together, these data demonstrated that optoge-
netic stimulation of DRN CaMKIIα+ neurons triggered rapid glu-
tamate release in VTADA-vNAcMed neurons.

We next investigated whether presynaptic DRN glutamater-
gic neurons contributed to the enhanced excitatory synaptic
transmission observed in the VTA from CCI mice. The ChR2
was virally expressed in DRN-VTA glutamatergic neurons, and
VTADA-vNAcMed neurons were labeled with retrobeads
(Fig. 10M). We found that the amplitude of EPSC in
VTADA-vNAcMed neurons evoked by blue light stimulation
was increased in CCI mice (Fig. 10N). The paired-pulse ratio
of light-evoked EPSC, which was inversely related to presynaptic
neurotransmitter release (Zhang and Pan, 2010; Di Castro et al.,
2016), was reduced in CCI mice (Fig. 10O). These data indicated
increased presynaptic glutamate release in mice with chronic
pain. Furthermore, the ratio of light-evoked AMPAR- and
NMDAR-mediated EPSC (AMPA/NMDA ratio) in VTADA-
vNAcMed neurons was significantly increased in CCI mice
(Fig. 10P), suggesting a postsynaptic potentiation at DRN-VTA
synapses in mice with neuropathic pain. Overall, these results
suggest nerve injury potentiates synaptic transmission via

mechanisms that likely involve an increase in presynaptic
transmitter release probability and responsiveness of postsyn-
aptic AMPARs.

Repeated activation of DRN-VTADA-vNAcMed pathway in
sham mice mimics synaptic, cellular, and behavioral
phenotypes induced by chronic pain
We further investigated the causal link between the potentiation
of excitatory synaptic transmission and the pronociceptive roles
of the DRN-VTADA-vNAcMed pathway. We used rabies tracing
tools to express ChR2-DsRed in DRN-VTADA-vNAcMed neu-
rons and repeatedly delivered blue light (1 Hz or 20 Hz,
473 nm) to these neurons in shammice (Fig. 11A). Blue light reli-
ably induced photocurrents in DRN DsRed+ neurons (Fig. 11B).
Behavioral data revealed that the pain threshold in
ChR2-expressing mice was similar to DsRed-expressing controls
following repeated 1 Hz illumination of DRN-VTADA-
vNAcMed neurons (Fig. 11C). However, repeated 20 Hz optic
stimulation of these neurons significantly reduced the paw
thresholds in sham mice, and this effect lasted for at least 24 h,
indicating a persistent pain-like behavior (Fig. 11D).

Figure 8. Regulation of pain behavior by DRN-VTADA-vNAcMed neurons. A, Schematic for optogenetic activation of DRN-VTADA-vNAcMed neurons in sham mice. B, Optogenetic stimulation
(5, 10, or 20 Hz) of DRN-VTADA-vNAcMed neurons decreased the thermal pain threshold in sham-operated mice (two-way repeated measures ANOVA, F2,28 = 6.856, p= 0.0038 for 5 Hz;
F2,28 = 8.471, p= 0.0013 for 10 Hz; and F2,28 = 16.87, p< 0.001 for 20 Hz; post hoc Bonferroni’s test, **p< 0.01, ***p< 0.001, n= 8 mice/group). C, Photoactivation of
DRN-VTADA-vNAcMed neurons induced a notable decrement in mechanical pain threshold in sham-operated mice (two-way repeated measures ANOVA, F2,28 = 13.76, p< 0.001 for 5 Hz;
F2,28 = 25.84, p< 0.001 for 10 Hz; and F2,28 = 6.484, p= 0.0049 for 20 Hz; post hoc Bonferroni’s test, **p< 0.01, ***p< 0.001, n= 8 mice/group). D, Schematic showing RV and AAVs
injection to specifically expressed NpHR in DRN-VTADA-vNAcMed neurons. E, Yellow light illumination inhibited spiking in DsRed-positive DRN neurons. F, Confocal images showing the
DRN neurons labeled with RV-EnvA-NpHR-DsRed. Scale, 150 μm. G, NpHR-DsRed-expressing CCI mice showed significant increments in thermal PWLs (left panel) and mechanical PWTs (right
panel) when compared with DsRed-expressing CCI mice during the illumination epoch (two-way repeated measures ANOVA, group × epoch interaction, F6,52 = 17.50, p< 0.001 for thermal pain
threshold assays; group × epoch interaction, F6,52 = 8.322, p< 0.001 for mechanical pain threshold tests; post hoc Bonferroni’s analysis, ***p< 0.001, n= 7, 8 mice). H, During yellow light
illumination, CFA mice with DRN-VTADA-vNAcMed neurons expressing NpHR-DsRed revealed prolonged thermal PWLs and increased mechanical PWTs when compared with those expressing
DsRed (two-way repeated measures ANOVA, group × epoch interaction, F6,50 = 9.337, p< 0.001 for thermal pain threshold; group × epoch interaction, F6,50 = 5.586, p< 0.001 for mechanical
pain threshold; post hoc Bonferroni’s analysis, ***p< 0.001, n= 7, 8 mice). Data are represented as mean ± SEM.
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To further investigate the mechanisms underlying this facili-
tatory effect on pain sensation, we examined whether activation
of DRN-VTADA-vNAcMed neurons induced downstream
changes in VTADA-vNAcMed neurons (Fig. 11E). Our data dem-
onstrated that repeated optical stimulation of DRN-VTADA-
vNAcMed neurons increased the firing rate of DsRed+/EGFP+

VTADA-vNAcMed neurons (3.38 ± 0.31 Hz), with no change
observed in the firing activity of DsRed−/EGFP+ VTADA-
vNAcMed neurons (2.07 ± 0.26 Hz) (Fig. 11F,G). These findings
were consistent with studies reporting enhanced firing activity of
VTADA-NAc neurons in mice with pain hypersensitivity
(Brischoux et al., 2009; Zhang et al., 2017; Liu et al., 2018). We
also found that both frequency and amplitude of mEPSC were
increased in DsRed+/EGFP+ VTA neurons from mice received
repeated optical activation (Fig. 11H–J).

Finally, to test which glutamate receptors in VTAmediate the
algesic effect of DRN-VTADA-vNAcMed neurons, optical stimu-
lation was delivered to DRN neurons of shammice with an intra-
VTA injection of AMPA receptor antagonist (NBQX) and
NMDA receptor antagonist (D-AP5) (Fig. 12A,B). We found
that intra-VTA infusion of either NBQX or a cocktail of NBQX
and D-AP5, but not D-AP5, reversed the optical stimulation-
induced pain-like behavior (Fig. 12C–E), indicating AMPA recep-
tor was necessary for the algesic effects of DRN-VTADA-vNAcMed
neurons. Collectively, these results demonstrated that repeated
activation of DRN-VTADA-vNAcMed neurons induced firing
adaptation and synaptic plasticity in VTADA-vNAcMed neurons
and produced persistent pain-like behaviors.

Discussion
In this study, we utilized rabies-based transsynaptic tracing
and cell-type-specific manipulation to demonstrate previously
unknown roles of a subset of DRN glutamatergic neurons

in pain facilitation. We also identified the functional impor-
tance of downstream VTADA-vNAcMed neurons in the proce-
dure. The following part discussed the implications of these
findings.

The role of DRN in pain regulation has been the subject of
investigation for several decades, and it has been classically rec-
ognized as a nucleus suppressing pain sensation through a
descending pain inhibitory pathway (Segal, 1979; Andersen
and Dafny, 1983; Li et al., 2016). For example, in some early-stage
studies, electrical stimulation of the DRN nonselectively reduced
the responses of dorsal horn neurons to painful stimulation
(Duggan and Griersmith, 1979) and produced an analgesic
effect (Reynolds, 1969; Mayer and Price, 1976). The knock-out
of lynx1, an inhibitory modulator of nAChRs, in mouse DRN
is also thought to activate the neurons thereby and consequently
augment the analgesic effect of nicotine (Nissen et al., 2018).
Here, we provided evidence indicating an algesic property of
DRN glutamatergic neurons.

The diverse subpopulations of DRN neurons are functionally
heterogeneous (Vong et al., 2011; Liu et al., 2014; McDevitt et al.,
2014; Matthews et al., 2016). The serotonin neurons are generally
considered to be antagonistic to pain (Segal, 1979; Singh et al.,
2017; De Gregorio et al., 2019). Previous reports indicate that
activation of PAG/DRN DA neurons promotes analgesic effects
(Li et al., 2016; Yu et al., 2021), which seems inconsistent with
the insignificant changes in calcium activity of DRN DA neurons
in our study. The prior studies focused on both DRN and adja-
cent PAG; however, the smaller volume of virus we infused
(200 nl) that allowed fiber photometry could be relatively
confined to the DRN region. Moreover, Cre-inducible expression
systems likely depend on both the levels of Cre recombinase and
the number of transgenes undergoing recombination, making it
difficult to compare the results in the present study using the
AAV-TH-Cre virus and previous reports applying TH-Cre

Figure 9. The effects of optogenetic manipulation of DRN-vNAcMed pathway on the pain threshold in mice. A, Schematic showing AAV2/retro-hSyn-Cre injected into the vNAcMed and
AAV-DIO-mCherry or AAV-DIO-hM3Dq-mCherry injected into the DRN. B, Confocal images revealing hM3Dq-mCherry expression in DRN. Scale, 150 μm. C, Representative traces showing
bath application of CNO (5 μM) increased the firing activity of a neuron expressing hM3Dq-mCherry in the DRN slice. D, There was no significant difference in thermal pain threshold between
mCherry- and hM3Dq-mCherry-expressing sham mice when they received CNO injection (1 mg/kg, i.p.) (two-way repeated measures ANOVA, p> 0.05, n= 8 mice/group). E, Schematic showing
viral injection into the vNAcMed and the DRN. F, Confocal images showing hM4Di-mCherry expression in the DRN. Scale, 150 μm. G, Representative traces showing the changes in the firing
activity of a hM4Di-mCherry-expressing DRN neuron after bath application of CNO (5 μM). H, CNO injection (1 mg/kg, i.p.) could not change the pain threshold in CCI mice with DRN-vNAcMed
neurons expressing hM4Di-mCherry when compared with those expressing mCherry (two-way repeated measures ANOVA, p> 0.05, n= 6 mice/group). Data are represented as mean ± SEM.
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Figure 10. Continued.
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mouse lines. Together, we extended these findings by establishing
that the DRN glutamatergic, but not serotonergic, neurons con-
stitute a pain-presentation input to the VTA dopamine system.

Although DRN serotonergic neurons are reported to inner-
vate the VTA (Liu et al., 2014), studies also show that the VTA
preferably receives dense innervation from DRN glutamatergic
neurons (Hioki et al., 2010; McDevitt et al., 2014; Qi et al.,
2014). Importantly, DRN SERT-expressing neurons established
both asymmetric and symmetric synapses on VTA neurons, sug-
gesting that some DRN SERT neurons coreleased glutamate and
serotonin (Wang et al., 2019). It was previously shown that,
within the total population of DRN glutamatergic and serotoni-
nergic neurons innervating the VTA, most were VGluT3-posi-
tive neurons (∼82%) with minor populations of serotonin
neurons (∼37%) or dual VGluT3-serotonin neurons (∼19%)
(Qi et al., 2014). However, VGluT3-serotonin neurons estab-
lished synapses on both VTA dopamine and nondopamine neu-
rons (Wang et al., 2019). Duo to the neural heterogeneity and the
local synapses between dopamine and nondopamine neurons in
the VTA (Chaudhury et al., 2013; Morales and Margolis, 2017),
the extent to which the VTA correspond to DRN glutamate- and
serotonin-expressing neurons to encode pain modulation is still
unclear. Our data showed that bilateral manipulation of DRN
serotonin neurons projecting to the VTA could not change
pain-like behaviors in mice, which partially indicated the
exclusive involvement of DR glutamatergic neurons in painmod-
ulation. Further research might gain a comprehensive under-
standing of how the VTA dopamine neurons integrated DRN
glutamate-serotonin inputs during pain hypersensitivity.

Previous studies show that stimulation of DRN-VTA neurons
with optogenetics is rewarding (McDevitt et al., 2014; Qi et al.,
2014). There seemed to be a paradox because we found that
activating this pathway derived pain behaviors. Research meth-
odology might potentially contribute to this discrepancy. We
found that mechanical stimulation of the hindpaw with 0.4 g,
not 0.16 g, filament increased the withdrawal frequencies only
in sham-operated mice with activation of the DRN-VTA path-
way. Furthermore, in agreement with the rewarding nature of
activating the DRN-VTA pathway, conditioning with nonpainful
mechanical stimulation (0.16 g fiber) and CNO injection induced
CPP in mice with hM3Dq expressed in DRN-VTA neurons.
Interestingly, conditioning with mechanical stimulation (0.4 g

fiber) and chemogenetic activation of the DRN-VTA pathway
decreased the CPP score. These data indicate that the evoked
pain responses during activating of the DRN-VTA pathway are
aversive, despite that this circuit drive reward behaviors in nor-
mal conditions. Conversely, chemogenetic inhibition of DRN-
VTA glutamatergic neurons attenuates pain hypersensitivity
and induces CPP in CCI mice, supportive of the observation
that relief of pain is rewarding and elicits negative reinforcement
(King et al., 2009; Donnelly et al., 2021). These findings indicate
that the firing activity of DRN-VTA glutamatergic neurons and
the subsequent encoding of reward or aversion are highly con-
text-dependent. The discrepancy might be additionally produced
by differences in optogenetic tools, labeling efficiency, and stim-
ulation parameters. For example, we used brief stimulation of
DRN neurons, whereas other studies used slightly stronger stim-
ulation parameters (McDevitt et al., 2014; Wang et al., 2019).
Analyzing the roles of the various neural circuits within the
reward system might provide further insights into the cellular
and circuit mechanisms of reward versus pain processing.

The regulatory roles of DRN glutamatergic neurons in pain
sensation show clear projection-pathway specificity. Although
optogenetic manipulation of DRN-VTADA-vNAcMed pathways
induced bidirectional modulation of pain responses, the DRN
neurons targeting the vNAcMed did not contribute significantly
to pain sensation. We, therefore, proposed that DRN neurons
might process pain signals by innervating the VTA DA neurons,
whose direct activation is responsible for pain hypersensitivity
(Marinelli et al., 2005; Navratilova et al., 2012; Zhang et al.,
2017; Liu et al., 2018). Given the differential roles of heteroge-
neous NAc neurons in pain processing (Ren et al., 2016), the
indirect DRN-VTADA-vNAcMed pathway and the direct
DRN-vNAcMed pathway might innervate distinct subpopula-
tions of NAc neurons to mediate different roles in pain regula-
tion. Future studies are needed to unmask how pain signals are
encoded in the complex circuitry of the NAc.

VTA dopaminergic neurons receive glutamatergic inputs
from several brain areas (Charara et al., 1996; Lammel et al.,
2012; Kempadoo et al., 2013; Beier et al., 2015; Yang et al.,
2018). Due to differences in synaptic connectivity, glutamatergic
inputs to VTA from the lateral habenula and the laterodorsal teg-
mentum mediate diverse behavioral abnormalities (Lammel
et al., 2012), indicating that clarifying the contribution of

Figure 10. Neuropathic pain induces potentiation of glutamatergic synaptic transmission onto VTADA-vNAcMed neurons. A, Experimental timeline and schematic for investigating the mEPSC
in VTADA-vNAcMed neurons from sham versus CCI mice. B, Confocal image and quantification showed co-expression of eYFP in TH-positive DA cells (n= 2 sections from n= 4 mice). Scale, 25 μm.
C, mEPSC traces from VTADA-vNAcMed neurons in acute VTA slices of sham (black) and CCI (red) group mice. D, Average values (top panel) and cumulative distributions (bottom panel) of mEPSC
frequency in VTADA-vNAcMed neurons from sham and CCI mice (two-tailed t test, t34 = 3.09, **p= 0.004; Two-sample Kolmogorov–Smirnov test, ***p< 0.001; n= 18 for each group).
E, Average values (top panel) and cumulative distributions (bottom panel) of mEPSC amplitude of VTADA-vNAcMed neurons from sham and CCI mice (two-tailed t test, t34 = 3.487,
**p= 0.0014; Two-sample Kolmogorov–Smirnov test, *p= 0.0301; n= 18 for each group). F, Schematic showing intracranial injection of viruses and retrobeads. G, Representative images
(top panel) showed that the majority of retrobeads-labeled VTA neurons were TH+, and these neurons were surrounded by the eYFP-positive dense terminals from the DRN. Scale, 100 μm.
Enlarged box (bottom panel) showing single and double staining. Scale, 25 μm. H, Quantification showed 91.1% of retrobeads-expressing neurons were TH+ (n= 2 sections from n= 5 mice).
I, Schematic diagram (top panel) showing the method of optogenetic stimulation and recording from Lumafluor+ VTADA-vNAcMed neurons ex vivo. The representative image (bottom panel)
showing Lumafluor+ VTA neurons in a brain slice during patch-clamp recording. Scale, 25 μm. J, Representative traces of EPSC in Lumafluor+ VTA neurons evoked by optical stimulation of DRN
terminals. Bath application of NBQX (5 μM) drastically decreased the optical EPSC amplitude (bottom panel) (paired t test, t6 = 8.639, ***p< 0.001, n= 7 neurons). K, Amplitude (top panel)
and normalized amplitude (bottom panel) of optical EPSC of Lumafluor+ VTA neurons obtained prior to and during NBQX (5 μM) application (gray). L, Representative traces (top panel) and
summarized time course (bottom panel) showed that the optical EPSC was eliminated by bath application of TTX (0.5 μM), and restored by 4-AP (100 μM). M, Experimental timeline and
schematic showing virus injection, surgeries, and electrophysiological recording. N, Representative light-evoked EPSC traces (top panel) of VTADA-vNAcMed neurons from the sham group
and CCI groups of mice. The amplitude of light-evoked EPSC was increased in CCI mice when compared with sham controls (two-tailed t test, t22 = 4.589, ***p< 0.001; n= 12 for each
group). O, Representative EPSC pairs (top panel) and group data (bottom panel) of VTADA-vNAcMed neurons evoked by two optogenetic stimuli (50 ms apart) in sham and CCI mice (two-tailed
t test, t28 = 2.952, **p= 0.0063; n= 15 neurons for each group). P, Examples of AMPAR- and NMDAR-mediated light-evoked EPSCs in VTADA-vNAcMed neurons form CCI mice and sham
controls. Summary showing increased AMPA/NMDA ratios at DRN-VTA synapses (two-tailed t test, t21 = 2.709, *p= 0.0132; n= 10, 13 neurons). Data are represented as mean ± SEM.
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selective inputs to VTA is important for a better understanding
of their role in pain processing. In this regard, we found
enhanced presynaptic glutamate release and VTA glutamatergic
receptor functions in CCI mice. Furthermore, this synaptic plas-
ticity might underly the algesic effect of DRN-VTADA-vNAcMed

neurons, as repeated optogenetic stimulation of these neurons on
the one hand enhanced excitatory synaptic functions, on the
other hand, induced firing abnormalities as reported in previ-
ous studies in VTADA-NAc neurons (Marinelli et al., 2005;
Zhang et al., 2017; Liu et al., 2018). Notably, as evidenced by

Figure 11. Repeated optical activation of DRN-VTADA-vNAcMed neurons and its effect on excitatory synaptic plasticity in VTADA-vNAcMed neurons. A, Experimental schematic and timeline
showing virus injection, optogenetic stimulation, and behavioral tests. B, Whole-cell recording from ChR2-DsRed infected DRN neurons showed that long duration (500 ms) and short bursts
(2, 10, or 20 Hz, 5 ms) of blue light illumination (473 nm) induced temporally precise photocurrents. C, Repeated optical stimulation (1 Hz) of DRN-VTADA-vNAcMed neurons expressing
ChR2-DsRed could not change the pain threshold in sham mice when compared with those expressed DsRed controls (two-way repeated measures ANOVA, group × epoch interaction,
F8,48 = 0.1968, p= 0.990, n= 4 mice/group). D, Repeated optical stimulation (20 Hz) of DRN-VTADA-vNAcMed neurons reduced the pain threshold in sham-operated mice, an effect lasting
for 24 h at least (two-way repeated measures ANOVA, group × epoch interaction, F8,128 = 3.624, p< 0.001; Bonferroni’s multiple-comparisons test, *p< 0.05, **p< 0.01, ***p< 0.001,
n= 9 mice/group). E, Schematic illustrating whole-cell recording of VTADA-vNAcMed neurons innervated by DRN neurons (DsRed+/EGFP+) or not (DsRed−/EGFP+). F,G, Sample traces (F)
and comparison (G) of spontaneous firing in DsRed−/EGFP+ and DsRed+/EGFP+ VTADA-vNAcMed neurons from mice received repeated optogenetic stimulation and their controls (one-way
ANOVA, F3,36 = 6.689, p= 0.0011; post hoc Tukey’s analysis, *p< 0.05, **p< 0.01, n= 9–11 neurons). H, mEPSC traces from VTADA-vNAcMed neurons in acute VTA slices of sham mice
and those subjected to repeated optogenetic stimulation. I, Group data (left panel) and distribution plots (right panel) of mEPSC frequency of DsRed−/EGFP+ and DsRed+/EGFP+ VTA DA
neurons from mice without or with repeated optogenetic stimulation of DRN-VTADA-vNAcMed neurons (for group data, one-way ANOVA, F3,68 = 11.43, p< 0.001, post hoc Tukey’s analysis,
***p< 0.001; for distribution plots, Kruskal–Wallis test, p< 0.001; Dunn’s multiple-comparisons test, **p< 0.01, ***p< 0.001, n= 17–19 neurons). J, Group data (left panel) and
cumulative probability (right panel) of mEPSC amplitude from VTADA-vNAcMed neurons of each group (for group data, one-way ANOVA, F3, 68 = 12.32, p< 0.001, post hoc Tukey’s analysis,
***p< 0.001; for cumulative probability, Kruskal–Wallis test, p< 0.01; Dunn’s multiple-comparisons test, *p< 0.05, n= 17–19 neurons). Data are represented as mean ± SEM.
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alterations in neuronal activity in lesion experiments, there
were reciprocal relationships between the DRN serotonin and
VTA DA neurons (Hamon and Blier, 2013). Selective lesion
of DA neurons decreased the spontaneous firing activity of
DRN serotonin neurons by 60% in vivo (Guiard et al., 2008).
Conversely, the selective lesion of serotonin neurons enhanced
by 36% the firing activity of VTA DA neurons (Guiard et al.,
2008). Partially consistent with these findings, it was reported
that optical stimulation of serotonergic fibers induced neuronal
excitation and neuronal inhibition of VTA neurons (Wang
et al., 2019). The DRN serotonin neurons innervated dopamine
and nondopamine neuron in the VTA. Furthermore, the VTA
GABA and glutamate neurons also established local synapses
onto VTA dopamine neurons (Morales and Margolis, 2017),
whose activity might be differentially regulated by serotonin
inputs.

The enhanced activities of VTA dopamine neurons are
demonstrated in rodents with neuropathic pain and human vol-
unteers received painful stimulation (Lee et al., 2008; Brischoux
et al., 2009; Sagheddu et al., 2015; Zhang et al., 2017). By contrast,
patch-clamp recordings reveal lower firing rates in VTA neurons
in mice with chronic pain (Ren et al., 2016; Watanabe et al.,
2018). One possible explanation for these discrepancies is the
significant heterogeneity in the anatomy and function of mid-
brain dopamine neurons (Brischoux et al., 2009; Chaudhury

et al., 2013; Tye et al., 2013). For example, the activity of DA neu-
rons in the lateral VTA is decreased after nerve injury. However,
a higher degree of excitability of medial VTA DA neurons is
found in mice with neuropathic pain (Huang et al., 2019b).
Importantly, dopamine neurons that project to the NAcMed
are mainly located in the medial posterior VTA (Lammel et al.,
2011). For the NAcMed, DA terminals in the vNAcMed were
excited, yet DA terminals in the dNAcMed were inhibited, in
mice that received painful stimuli (de Jong et al., 2019). In sup-
port of these findings, our data indicated that the VTADA-
vNAcMed neurons were activated, while the VTADA-
dNAcMed neurons showed a tendency to be suppressed, in
response to neuropathic pain. Importantly, dopamine neurons
located in the ventral VTA are excited by noxious stimuli, in con-
trast to dorsal VTA dopamine neurons, which are inhibited
(Brischoux et al., 2009). This provides additional support for
the importance of the projection specificity of mesolimbic cir-
cuits in pain processing. Additionally, the discrepancy in results
could be obtained with different animal models.

Collectively, we provide a highly consistent and comprehen-
sive cellular, neural circuit, and behavioral evidence for the
underlying mechanisms by which the DRN-VTADA-
vNAcMed pathway facilitates pain sensation. Our data uncover
a previously unknown role of the DRN neural pathway in pain
regulation.

Figure 12. Effect of blocking glutamate receptors in VTA on the algesic effect produced by optical stimulation of DRN-VTADA-vNAcMed neurons. A, Experimental timeline and schematic
showing surgeries, antagonist infusion, and optical stimulation. B, A representative image revealing the cannula implantation into the VTA for antagonist infusion. Scale, 500 μm. C–E,
The reduced thermal paw withdrawal latencies in sham mice induced by optical stimulation of DRN-VTADA-vNAcMed pathways were blocked by intra-VTA pretreatment with AMPA-receptor
antagonist alone (C) or a combination of AMPA- and NMDA-receptor antagonist (D), but not NMDA-receptor antagonist (E) (two-way repeated measure ANOVA, group× time interaction, F6,58 = 6.095,
p< 0.001 for NBQX injection; group× time interaction, F6,58 = 4.046, p= 0.0019 for NBQX and D-AP5 infusion; group × time interaction, F6,58 = 5.081, p< 0.001 for D-AP5 administration; post hoc
Bonferroni’s analysis, *p< 0.05, **p< 0.01, n= 7–9 mice/group). SNR, reticular part of the substantia nigra. Data are represented as mean ± SEM.
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