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Introduction
Patients with chronic pain usually experience not only severe pain 
perception but also negative emotions and decreased cognitive 
abilities (1, 2). Intractable and permanent pain conditions easily  
develop into a “chronic pain cycle,” and chronic pain induces neg-
ative emotions including anxiety and depression, sleep disorder, 
and reduced activity and also affects cognitive abilities (2–4). 
Conversely, negative emotions and reduced cognitive abilities fur-
ther worsen chronic pain (5, 6). This chronic pain cycle has made 
it very difficult to treat chronic pain clinically. There might be a 
special neural circuit that mediates this vicious cycle, which would 
be a good target for the treatment of chronic pain. Many studies 
have focused on the emotional components of pain in an attempt 
to identify the neural pathway related to emotional pain (7–10). 
However, the underlying mechanisms for this chronic pain cycle 
are still unclear.

One useful way to address this chronic pain cycle would be 
to identify a special region or area in the cerebral cortex that is 

involved in the modulation of pain, emotions, and cognition. The 
dorsal medial prefrontal cortex (dmPFC), including the rostral 
anterior cingulate cortex (rACC) and prelimbic cortex (PL), is 
a region or area involved in all of these processes (11–13). Many 
previous studies have demonstrated that the functional deacti-
vation of the dmPFC induces negative emotions and decreases 
cognitive abilities (14, 15). A few studies have also suggested that 
deactivation of the dmPFC enhances pain perception (8, 10, 16). 
Functional and morphological abnormalities in the dmPFC have 
been documented in an animal model of chronic pain (17, 18). Both 
background and evoked activities of dmPFC neurons were found 
to be decreased in an arthritis-induced chronic pain model (19, 
20). It has been speculated that the progression of pain from an 
acute to a chronic state is accompanied by a decrease in dmPFC  
activity (21, 22). This pain-related inhibition of dmPFC neurons in 
the arthritic model depended on metabotropic glutamate recep-
tor 1–mediated (mGluR1-mediated) endogenous activation of 
γ-aminobutyric acid receptor subtype A (GABAAR) (19). However,  
the exact neural pathway from the dmPFC that is involved in 
pain modulation has only begun to be revealed (23). The periaq-
ueductal gray/rostral ventromedial medulla/spinal dorsal horn 
(PAG/RVM/SDH) pathway is one of the most important neural 
pathways involved in descending pain modulation (24–26). It has 
been demonstrated that specific activation of the vesicular gluta-
mate transporter 2–immunoreactive (VGLUT2-ir) neurons in the 
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densities and disordered arrangements of cells in the dmPFC fol-
lowing KA injection (Figure 1C). Loss of neuronal cell bodies and 
proliferation of astrocytes were also indicators of dmPFC lesions 
(Supplemental Figure 1; supplemental material available online 
with this article; https://doi.org/10.1172/JCI127607DS1). Under 
normal conditions, the dmPFC lesion significantly reduced the 
mechanical thresholds of both hind paws (Figure 1D), and the 
mice showed obvious mechanical hyperalgesia. After the com-
mon peroneal nerve ligation (CPNL) model was established, 
bilateral dmPFC lesions significantly facilitated CPNL-induced 
hyperalgesia (Figure 1, E and F). However, the dmPFC lesion had 
no influence on the responses to non-noxious mechanical stimula-
tion (Figure 1G), which indicates that the dmPFC lesions in naive 
mice did not induce allodynia. The responses of both hind paws to 
non-noxious stimuli in mice in the lesion group were significantly 
higher than those in mice in the saline group (Figure 1, H and I).

Bilateral dmPFC lesions induce anxiety-like behaviors. Chronic 
pain is often accompanied by anxiety-like behaviors. Therefore, 
we assessed the effects of the CPNL-induced dmPFC lesion on 
the animals’ anxiety-like behaviors. Mice subjected to CPNL 
spent a decreased percentage of time in the central area of the 
open field (OF) 14 days after CPNL; in contrast, the total distance 
traveled in the OF was unaffected (Figure 1, J–L). However, the 
dmPFC lesion significantly decreased the total distance traveled 
in the OF test (Figure 1, J and K). Interestingly, we found that 
CPNL did not induce more anxiety-like behaviors in the OF test 
after induction of the dmPFC lesion (Figure 1, K and L). Then, we 
further tested the effects of the dmPFC lesion on CPNL-induced 
anxiety-like behaviors in the elevated plus maze (EPM) test. 
CPNL decreased both the percentage of time spent in the open 
arms (OAs) and the percentage of entries into the OAs in the 
EPM (Figure 1, J, M, and N). Similarly, after the dmPFC lesions, 
mice subjected to CPNL did not show more anxiety-like behav-
iors in the EPM test (Figure 1, M and N). These results demon-
strate that CPNL-induced anxiety-like behaviors did not occur 
after neurons were damaged in the dmPFC. Although we have 
not investigated the underlying mechanism, a possible explana-
tion for this result was the floor effect.

Projections from the dmPFC terminate onto VGLUT2-ir neu-
rons within the vlPAG. Given the important roles of the dmPFC in 
the modulation of nociception and anxiety-like behaviors, it was 
critical to investigate the direct connections between the dmPFC 
and the vlPAG, which is known to play an important role in pain 
modulation. Fluoro-Gold (FG) was injected into the vlPAG. We 
observed many FG-labeled projection neurons in the dmPFC, 
which also exhibited CaMKII immunoreactivity and expressed 
VGLUT1 mRNA (Supplemental Figures 2 and 3). Moreover, the 
FG-labeled neurons did not express both VGLUT2 mRNA and 
GAD67. Double staining of NeuN and FG showed that the pro-
jection neurons were mainly distributed in layers V and VI in the 
dmPFC (Figure 2, A–D). These results indicated that there were 
direct innervations from the dmPFC excitatory pyramidal neurons 
to the vlPAG. To identify the synaptic connections, we applied a 
rabies-based, retrograde, transsynaptic tracing approach to iden-
tify the dmPFC monosynaptic inputs onto VGLUT2-ergic neurons 
in the vlPAG, using a transgenic mouse line expressing Cre recom-
binase in these neurons (Figure 2, E–H). The starter neurons (GFP 

ventrolateral subregion of the PAG (vlPAG), the region of the PAG 
that has been most closely linked to descending pain modulation, 
produces clear analgesic effects, which indicates that VGLUT2-ir  
neurons in the vlPAG are key relay points for descending pain 
modulation (27, 28). We hypothesized that dmPFC neurons  
project to the vlPAG and participate in descending pain modula-
tion, given the abundant projections from the superior nucleus 
in the frontal cortex to the vlPAG. Thus, the deactivation of the  
dmPFC/vlPAG neural pathway would induce a chronic pain cycle 
and lead to increased suffering of patients with chronic pain.

To test whether this hypothesis is correct, we applied chem-
ical lesion, optogenetic, chemogenetic, molecular biological, 
and behavioral pharmacological approaches to demonstrate the 
involvement of the descending dmPFC/vlPAG pathway in pain 
modulation and negative emotion processing. In the present study, 
as a first step, we used many types of morphological approaches to 
establish the dmPFC/vlPAG neural pathway and investigate the 
chemical properties of the projecting neurons. We also carried 
out functional investigations to determine whether the dmPFC/
vlPAG neural pathway is involved in pain-related and anxiety-like 
behaviors. Finally, different methods were used within the  
dmPFC to reveal the underlying molecular mechanisms related to 
this descending pain modulation.

Results
Bilateral dmPFC lesions promote nociception under normal and 
chronic pain conditions. To determine whether the dmPFC partici-
pates in pain perception, we injected kainic acid (KA) into the bilat-
eral dmPFC of mice to induce cell damage. After KA injection, we 
evaluated the mechanical thresholds of the mice under normal and 
chronic pain conditions (Figure 1, A and B). We observed reduced 

Figure 1. Bilateral lesions in the dmPFC worsen CPNL-induced mechan-
ical nociception and anxiety-like behaviors. (A and B) Representative 
schematic diagrams of the KA injection into the dmPFC and procedures 
for the behavioral tests. PWT, paw withdrawal threshold. (C) Nissl staining 
of the dmPFC after KA or saline dmPFC injections. Scale bar: 200 μm. (D) 
Mechanical thresholds at baseline and 7 days after saline or KA dmPFC 
injections. **P < 0.01, by paired t test (n = 5). Mechanical thresholds of the 
ipsilateral (E) and contralateral (F) hind paws following CPNL with saline or 
KA dmPFC injections (E: F( 1, 32) = 6.07, P =0.04; &P < 0.05; F: F( 1, 32)= 4.22, P = 
0.07; *P < 0.05; 2-way, repeated-measures ANOVA with Bonferroni’s post 
hoc test (n = 5). (G) Responses to non-nociceptive stimulation at baseline 
and 7 days after saline or KA dmPFC injections (n = 5). Responses to 
non-nociceptive stimulation of the ipsilateral (H) and contralateral (I) hind 
paws following CPNL with saline or KA dmPFC injections (H : F(1, 32) = 9.80, 
P = 0.014; &P < 0.05 ; I: F(1, 32) = 10.68, P = 0.011; &P < 0.05; 2-way, repeat-
ed-measures ANOVA with Bonferroni’s post hoc test, *P < 0.05,  
**P < 0.01 (n = 5). (J) Schematic traces of the OF and EPM tests at baseline, 
7 days after KA injection, and 7 days after KA injection plus 14 days after 
CPNL. Total distance traveled (K) and percentage of time spent in the 
central area (L) in the OF test  (saline injection, K: F(2, 8) = 0.11, P = 0.90; L: 
F(2, 8) = 5.97, P = 0.03; KA injection, K: F(2, 8) = 24.97, P < 0.001; L: F(2, 8) = 9.33, 
P < 0.01; 1-way, repeated-measures ANOVA with Tukey’s post hoc test, *P 
< 0.05, **P < 0.01, and ***P < 0.001; $P < 0.05 and $$P < 0.01; #P < 0.05 (n 
= 5). Percentage of time in (M) and percentage of entries into (N) the OAs 
in the EPM test (saline injection, M: F(2, 8) = 13.22, P < 0.01; N: F(2, 8) = 20.28, 
P < 0.001; KA injection, M: F(2, 8) = 17.34, P < 0.01; N: F(2, 8) = 23.23, P < 0.001; 
1-way, repeated measures ANOVA with Tukey’s post hoc test, **P < 0.01 
and ***P < 0.001; $$P < 0.01; ##P < 0.01 (n = 5).
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observed many EYFP-labeled fibers and terminals in the vlPAG 
(Figure 3D). FISH identified the FG-labeled RVM projection neu-
rons in the vlPAG, and most of them expressed VGLUT2 mRNA 
(Figure 3, E–H). Moreover, the FG-labeled SDH projection neu-
rons in the RVM expressing 5-HT received many VGLUT2-ir con-
tacts (Supplemental Figures 5 and 6). To confirm the links between 
dmPFC and the PAG-RVM descending pain modulation system, 
AAV2/2-CaMKIIα-EYFP was injected into the dmPFC, and FG 
was injected into the RVM. FG-labeled RVM projection neurons 
in the vlPAG received the EYFP-labeled fiber contacts, which 
colocalized with the presynaptic marker synapsin (Figure 3, I–L). 
We also applied an anterograde transsynaptic tracing approach, 
following that used in previous studies (29, 30), to identify the  
dmPFC monosynaptic inputs onto FG-labeled RVM projection 
neurons in the vlPAG (Figure 3, M–P, and Supplemental Table 1). 

and dsRed double-stained neurons) were localized in the vlPAG 
(Figure 2, I–L). In the sections of the forebrain, we observed many 
dsRed transsynaptic–labeled pyramidal projection neurons in 
the dmPFC and anterior cingulate cortex (ACC) (Figure 2, M–P). 
The above retrograde tracing results suggested that the excitatory 
pyramidal neurons in the dmPFC project to the VGLUT2-ir neu-
rons in the vlPAG.

As with the retrograde tracing experiments (Figure 3A), 
we injected the anterograde tracer biotinylated dextran amine 
(BDA) into the dmPFC and observed dense BDA-labeled fibers 
and terminals in the vlPAG (Supplemental Figure 4). For further 
confirmation, we injected adeno-associated virus 2/2–CaMKIIα–
enhanced yellow fluorescent protein (AAV2/2-CaMKIIα-EYFP) 
into the dmPFC to infect the excitatory pyramidal neurons (Fig-
ure 3, B and C). After 3 weeks, FG was injected into the RVM. We 

Figure 2. Projections from the dmPFC to the VGLUT2-containing neurons in the vlPAG. (A) Schematic diagram of retrograde tracing of projection neurons 
in the dmPFC, which were labeled with FG injected into the vlPAG. (B–E) Images show different coronal dmPFC sections with double staining of FG (red) 
injected into the vlPAG and NeuN (green). L1–L6, layers 1–6; fmi, forceps minor of the corpus callosum; VO, ventral orbital cortex. Scale bar: 100 μm. (F–H) 
Schematics of rabies-based transsynaptic tracing. (F and G) VGLUT2-Cre mice were transduced with 2 AAVs in the vlPAG followed by EnvA-pseudotyped, 
rabies virus glycoprotein–deleted (RVG-deleted), and dsRed-expressing rabies virus. (H)  Schematic of sagittal section of the mouse brain shows VGLUT2 
starter cells labeled in yellow and presynaptic partners throughout the brain in red. (I–L) Coronal sections through the vlPAG of a brain with VGLUT2-Cre 
tracing show the location of starter cells (yellow), which were double stained with GFP (green) and dsRed (red). Scale bars: 100 μm (I); 20 μm (enlarged 
insets in J–L). Aq, aqueduct. (M–P) Images of a coronal section through the dmPFC and a section through the ACC show dsRed-labeled presynaptic  
projection neurons. The areas in the white frames in M and O were magnified in N and P. Scale bars: 300 μm (M and O);  50 μm (N and P). All experiments 
were repeated 3 times and yielded consistent results.
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activity we observed in the dmPFC/vlPAG pathway, we became 
very interested in the role of the dmPFC/vlPAG neural pathway 
in pain modulation and pain-related anxiety-like behaviors. Fol-
lowing specific activation of the dmPFC/vlAPG pathway using an 
optogenetic approach, the mechanical thresholds of the bilateral  
hind paws were tested 7 days after CPNL, and behaviors in the 
OF and EPM tests were assessed 14 days after CPNL (Figure 5, A 
and B). After light stimulation, we observed a greater number of 
neurons expressing FOS-ir around the EYFP fibers in the vlPAG 
(Figure 5, C–F). This indicates that the neurons in the vlPAG were 
activated by stimulation of the fibers coming from the dmPFC. 
We noted obvious analgesic effects not only on the ipsilateral hind 
paw but also on the contralateral hind paw in the CPNL-treated 
mice, following specific activation of the dmPFC/vlPAG pathway 
(Figure 5G). However, in the CPNL-treated mice infected with 
AAV2/2-CaMKIIα-EYFP, the light stimulation had no effects on the 
mechanical thresholds. Unexpectedly, activation of the dmPFC/ 

Again, these tracing studies indicated that there exists a descend-
ing pain modulation pathway: the dmPFC/vlPAG/RVM pathway.

Hypoactivity in dmPFC-vlPAG projection neurons of CPNL- 
treated mice. To examine how CPNL affects the neuronal activity 
of dmPFC-vlPAG projection neurons, we performed whole-cell 
patch-clamp recordings from dmPFC-vlPAG projection neurons 
of control and CPNL-treated mice (Figure 4, A–F). Excitability 
of dmPFC-vlPAG projection neurons was decreased in the CPNL 
group (Figure 4, G and H). Importantly, the GABAAR blocker bicu-
culline (20 μM) reversed the low activity in dmPFC-vlPAG projec-
tion neurons, indicating that the observed CPNL-induced reduc-
tion in dmPFC-vlPAG projection neurons activity was mediated 
by enhanced GABAergic inputs (Figure 4, G and H). Altogether, 
these data indicate that CPNL triggered long-term GABAAR- 
mediated inhibition in the dmPFC-vlPAG projection neurons.

Analgesic and antianxiety effects of specific activation of the  
dmPFC/vlPAG neural pathway. Given the CPNL-induced hypo-

Figure 3. Light microscope observation of the dmPFC/vlPAG/RVM neural pathway. (A) Schematic diagram of the dmPFC/vlPAG/RVM neural pathway 
demonstrating use of various types of tracers and viruses. (B and C) Infection images of AAV2/2-CaMKIIα-EYFP in the dmPFC. (D) The distributions of 
EYFP-labeled fibers coming from the dmPFC pyramidal neurons in the vlPAG. Scale bars: 100 μm (B); 50 μm (C); 200 μm (D). (E–H) RVM projection neurons 
labeled with hybridization signals for VGLUT2 mRNA in the vlPAG. The hybridization signals were visualized with FITC (green), whereas FG-ir was visual-
ized with Alexa Fluor 594 (red). Scale bars: 100 μm (E); 10 μm (F–H) . (I–L) Triple-staining of EYFP-labeled fibers (green), FG-ir projection neurons (red), and 
synapsin-ir terminals (blue) in the vlPAG showing the relationship between fibers projecting from the dmPFC and neurons projecting to the RVM. White 
arrowheads indicate EYFP-labeled fibers that also expressed synapsin and contacted FG-ir projection neurons. Scale bars: 100 μm (I); 20 μm (J–L). (M–P) 
Anterograde transsynaptic virus EGFP-labeled neurons (green) also expressed FG-ir (red), which indicated that the vlPAG-RVM projection neurons received 
direct innervation by the dmPFC. Scale bars: 100 μm (M); 20 μm (N–P). All experiments were repeated 3 times and yielded consistent results.
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vlPAG pathway had no obvious effects on either the total distance 
traveled or the percentage of time spent in the central area in the 
OF test performed 14 days after CPNL (Figure 5, H and I). How-
ever, both the reduced percentage of time spent in (Figure 5J) and 
the percentage of entries into (Figure 5K) the OAs in the EPM test 
were significantly reversed during blue light stimulation for the 
mice that received the hChR2-EYFP virus injection. These optoge-
netic results suggest that specific activation of the dmPFC/vlPAG 
neural pathway produced analgesic and antianxiety effects in the 

CPNL model. The dmPFC/vlPAG neural 
pathway was involved in the modulation 
of nociception and anxiety-like behaviors.

Specific activation of inhibitory neurons 
in the dmPFC facilitates nociception and  
anxiety-like behaviors. Activation of the 
local inhibitory neurons potentially sup-
pressed pyramidal neurons within the 
dmPFC and resulted in deactivaton of the 
dmPFC/-vlPAG pathway. We introduced 
the designer receptors exclusively activated  
by designer drugs (DREADDs) method to 
investigate the functional roles of dmPFC 
local inhibitory neurons in modulating 
nociception and anxiety-like behaviors 
(Figure 6, A and B). The triple-labeling 
results showed that many GAD67-ir inhib-
itory neurons expressed mCitrin and FOS 
(Figure 6, C–J), which indicated that the 
inhibitory neurons were certainly acti-
vated after the clozapine-N-oxide (CNO) 
i.p. injection. Under normal conditions, 
specific activation of inhibitory neurons in 
the dmPFC clearly reduced the mechani-
cal thresholds of the bilateral hind paws 
(Figure 6, K and L). After CPNL was estab-
lished, CNO i.p. injection further reduced 
the mechanical thresholds of the bilat-
eral hind paws in mice that received the 
hM3Dq-mCitrin injection (Figure 6, K and 
L). The above results suggest that activa-
tion of inhibitory neurons in the dmPFC 
produced hyperalgesic states under both 
normal and chronic pain conditions.

Then, we tested the effects of specific  
activation of local inhibitory neurons on 
anxiety-like behaviors in the OF and EPM 
under normal and chronic pain conditions. 
Under normal conditions, both the total 
distance traveled (Figure 6M) and the per-
centage of time in the central area (Fig-
ure 6N) in the OF test were significantly 
decreased by specifically activating inhib-
itory neurons in the dmPFC. In the EPM 
test, CNO injections also significantly  
suppressed the percentage of time in 
(Figure 6O) and the percentage of entries 
into (Figure 6P) the OAs for the mice that 

received hM3Dq-mCitrin virus injections. Fourteen days after 
CPNL, the total distance traveled in the OF test was significantly 
reduced following specific activation of inhibitory neurons (Fig-
ure 6Q), and the percentage of time in the central area in the OF 
test was also clearly further suppressed (Figure 6R). In the EPM 
test, the CNO injection also significantly further suppressed the 
percentage of time spent in (Figure 6S) and the percentage of 
entries into (Figure 6T) the OAs for the mice that received the 
hM3Dq-mCitrin virus injection. These observations indicate 

Figure 4. Neuronal activity recorded in dmPFC-vlPAG projection neurons in CPNL- and sham-treated 
mice. (A) Schematic diagram of electrophysiological recording of neurons in the dmPFC, which were 
labeled with Retrobeads injected into the vlPAG. (B–F) Triple staining of biocytin-filled neurons (green, 
indicating recorded neurons), bead-labeled neurons (red, indicating dmPFC-vlPAG projection neurons), 
and DAPI (blue) in the dmPFC after electrophysiological recording. Scale bars: 200 μm (B); 50 μm (C–F). 
(G) Representative recordings of action potential firing of dmPFC-vlPAG projection neurons in response 
to current injection (200 pA) in control, CPNL, and CPNL plus bicuculline (BIC) groups. (H) Averaged 
action potentials of dmPFC-vlPAG projection neurons, induced by step-current injections (0–300 pA). 
Note the decrease in excitability of dmPFC-vlPAG projection neurons in the CPNL mice and its reversal 
by bicuculline (20 μM). Control group versus the CPNL group, **P < 0.005 and ***P < 0.001; CPNL 
group versus the CPNL plus bicuculline group, $$$P < 0.001; 2-way, repeated-measures ANOVA with 
Bonferroni’s post hoc test.
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that the activation of inhibitory neurons in the dmPFC induced  
anxiety-like behaviors in the normal mice and even worsened 
chronic pain–induced anxiety-like behaviors.

Specific activation of inhibitory neurons in the dmPFC reverses  
the activation of dmPFC/vlPAG pathway–induced analgesic and anx-
iolytic behaviors. Combined optogenetic and DREADDs methods 
were used to examine the roles of local inhibitory interneurons 
in dmPFC/vlPAG pathways. The detailed test procedures and 
different viruses are presented in Figure 7, A and B, and Supple-
mental Table 1. After the behavioral assessments,  we observed 
dmPFC-vlPAG projection neurons expressing hM3Dq-EGFP 
(green) and inhibitory neurons expressing hChR2-mCherry 

(red) in the dmPFC (Figure 7C). A separate group of ani-
mals was prepared for functional characterization of the 
hChR2 and hM3Dq viruses. Blue light activation of the 
hChR2 virus in acute brain slices reliably elicited action 
potential spikes in inhibitory neurons following different 
stimulation frequencies (Figure 7D). A bath application 
of 40 μM CNO induced a transient depolarization and 
robust action potential firing in dmPFC-vlPAG projec-
tion neurons (Figure 7E). When we recorded the projec-
tion neurons, we found that light stimulation induced 
obvious inhibitory postsynaptic currents (IPSCs) (Figure 
7F). Picrotoxin (PTX), an antagonist of the GABAAR, 
completely blocked the light-evoked IPSCs (Figure 7G). 
Seven days after CPNL was established, we found that 
CNO i.p. injection significantly increased the mechanical 
thresholds of the ipsilateral hind paw (Figure 7H). Specific 
activation of inhibitory neurons by blue light stimulation 
reversed these analgesic effects. In the OF test, activation 
of neither projection neurons nor inhibitory neurons in 

the dmPFC affected the total distance (Figure 7I). At the same 
time, specific activation of inhibitory neurons worsened the 
CPNL-induced reduction in the percentage of time spent in the 
central area (Figure 7J). However, in the EPM test, specific acti-
vation of inhibitory neurons significantly reversed the activation 
of projection neuron–induced antianxiety effects (Figure 7, K and 
L). These results provide functional evidence that local inhibitory  
neurons in the dmPFC innervated the projection neurons on 
the dmPFC/vlPAG pathway and that the activation of inhibitory 
neurons in the dmPFC induced anxiety-like behaviors and even 
worsened chronic pain–induced anxiety-like behaviors through 
the dmPFC/vlPAG descending pathway.

Figure 5. Optogenetic activation of the dmPFC/vlPAG neural 
pathway attenuates CPNL-induced mechanical hyperalgesia 
and anxiety-like behaviors. (A and B) Representative schematic 
diagrams of optogenetic activation of the dmPFC/vlPAG neural 
pathway and the procedures for behavioral testing. (C–E) Double 
staining of EYFP-labeled fibers (green) and FOS-ir neurons (red) in 
the vlPAG after blue light stimulation. Scale bar: 50 μm. (F) Mean 
number of FOS-ir neurons in the vlPAG following optogenetic 
activation (***P < 0.001; Student’s t test; n = 5 mice per group). (G) 
Mechanical thresholds of the bilateral hind paws for CPNL-treated 
mice after AAV2/2-CaMKIIα-EYFP or AAV2/2-CaMKIIα-hChR2-
EYFP virus injection, with 473 nm blue light off-on-off stimulation 
(ipsilateral [Ipsi], control virus: F(2, 8) = 0.29, P = 0.75; hChR2 virus: 
F(2, 8) = 57.57, P < 0.001; contralateral [Contra], control virus: F(2, 8) = 
0.50, P = 0.62; hChR2 virus: F(2, 8) = 42.79, P < 0.001; ***P < 0.001, 
1-way, repeated-measures ANOVA with Tukey’s post hoc test; n = 
5 mice per group). (H and I) Total distance traveled and percentage 
of time spent in the central area of the OF test with 3-minute light 
off, 3-minute light on, and 3-minute light off periods (H: F(1, 16) = 
1.09, P = 0.33, t = 0.70, P > 0.05; I: F(1, 16) = 0.40, P = 0.54, t = 0.99, P 
> 0.05; 2-way, repeated-measures ANOVA, with Bonferroni’s post 
hoc tests; n = 5 mice per group). (J and K) Percentage of time spent 
in and percentage of entries into the OAs in the EPM test with 
3-minute light off, 3-minute light on. and 3-minute light off peri-
ods (J: F(1, 16) = 21.12, P < 0.01, t = 8.65, P < 0.001; K: F(1, 16) = 47.95, P < 
0.001, t = 11.37, P < 0.001; ***P < 0.001, 2-way, repeated-measures 
ANOVA with Bonferroni’s post hoc tests; n = 5 mice per group).

https://www.jci.org
https://www.jci.org
https://www.jci.org/130/12
https://www.jci.org/articles/view/127607#sd
https://www.jci.org/articles/view/127607#sd


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

6 5 6 2 jci.org   Volume 130   Number 12   December 2020

Figure 6. Chemogenetic activation of inhibitory neurons in the dmPFC worsens CPNL-induced mechanical hyperalgesia and anxiety-like behaviors. (A 
and B) Representative schematic diagrams of hM3Dq virus injection into the dmPFC of Vgat-Cre mice and the procedures for the behavioral test. (C–J)  
Triple staining of mCitrin (green), GAD67 (red), and FOS (blue) in the dmPFC after CNO i.p. injection. White arrowheads indicate the coexpression of  
mCitrin, GAD67, and FOS. Scale bars: 40 μm (C–F); 10 μm ( G–J). (K and L) Mechanical thresholds of the bilateral hind paws following injection of control 
virus or hM3Dq virus and CNO 1 mg/kg i.p. injection (hM3Dq virus, ipsilateral: F(1, 56) = 19.53, P < 0.001; contralateral: F(1, 56) = 5.65, P < 0.05; control virus, ipsi-
lateral: F(1, 56) = 1.46, P = 0.24; contralateral: F(1, 56) = 1.09, P = 0.31; &P < 0.05 and &&&P < 0.001; *P < 0.05; 2-way, repeated-measures ANOVA with Bonferroni’s 
post hoc test; n = 8 mice per group). (M–P) Total distance traveled and percentage of time spent in the central area in the OF test and percentage of time 
in and percentage of entries into the OAs in the EPM test with CNO injection under normal conditions (M: F(1, 12) = 5.13, P < 0.05, t = 3.71; N: F(1, 12) = 6.22, P < 
0.05, t = 2.99; O: F(1, 12) = 8.85, P < 0.01, t = 4.22; P: F(1, 12) = 10.55, P < 0.01, t = 4.22; *P < 0.05 and **P < 0.01; 2-way, repeated-measures ANOVA with Bon-
ferroni’s post hoc test; n = 4 mice per group). (Q–T) Total distance traveled and percentage of time spent in the central area in the OF test and percentage 
of time spent in and percentage of entries into the OAs in the EPM test with CNO injection, 14 days after CPNL (Q: F(1, 12) = 12.87, P < 0.01, t = 4.23; R: F(1, 12) = 
5.92, P < 0.05, t = 2.83; S: F(1, 12) = 5.32, P < 0.05, t = 2.95; T: F(1, 12) = 5.05, P < 0.05, t = 4.14; *P < 0.05 and **P < 0.01; 2-way, repeated-measures ANOVA with 
Bonferroni’s post hoc test; n = 4 mice per group).
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ditions were assessed using behavioral pharmacologic approaches 
(Figure 8, A and B). Many FOS-expressing neurons and cannula 
placement in the dmPFC indicated that the specific antagonists of 
the GABAAR and mGluR1 were reliably injected into the dmPFC 
and functionally activated some neurons (Figure 8, C–E).

Under normal conditions, the mechanical thresholds of the 
bilateral hind paws were not changed by injection of bicucull-
ine (0.1 μg) or LY367385 (specific mGluR1 antagonist, 0.4 nmol) 
into the dmPFC (Figure 8, F and G). However, bicuculline or 
LY367385 injections into the dmPFC produced obvious analgesic 
effects 7 days after CPNL. There were no obvious differences in 
the mechanical thresholds between the bicuculline-treated group 

Both the GABAAR and mGluR1 in the dmPFC are involved in 
chronic pain sensations and anxiety-like behaviors. The above results 
showed that lesions of the dmPFC or deactivation of the dmPFC/
vlPAG neural pathway exacerbated mechanical hyperalgesia and 
anxiety-like behaviors in the CPNL model. However, the poten-
tial molecular mechanism remain unknown. A previous study has 
shown that the GABAAR and mGluR1 in the dmPFC are involved 
in deactivation of the dmPFC in an arthritis pain model (19). We 
performed Western blotting and observed a significant increase in 
GABAAR and mGluR1 expression in the dmPFC 7 days after CPNL 
(Supplemental Figure 7). The mechanical thresholds and behav-
iors in the OF and EPM tests under normal and chronic pain con-

Figure 7. Optogenetic activation of inhibitory neurons 
in the dmPFC reversed activation of dmPFC/vlPAG 
pathway–induced analgesic and antianxiety behaviors. 
(A and B) Representative schematic diagrams of hChR2 
and hM3Dq viruses injected into the dmPFC of C57 mice, 
retro-Cre virus injected into the vlPAG of C57BL/6J mice, 
and the procedures for the behavioral tests. (C) The triple 
staining of EGFP (green), mCherry (red), and DAPI (blue) 
in the dmPFC. Scale bar: 100 μm. (D) Representative 
recordings of action potential firing of inhibitory neurons in 
response to 5 Hz, 10 Hz, and 20 Hz light photostimulation. 
(E) Whole-cell current-clamp recording from hM3Dq- 
expressing dmPFC-vlPAG projection neurons. A brief bath 
application of 40 μM CNO (red box) caused a depolarization 
and action potential firing. (F and G) Sample traces show-
ing that light-evoked IPSCs in dmPFC-vlPAG projection 
neurons were blocked by bath application of PTX (***P < 
0.01, Student’s t test). (H) Mechanical thresholds of injured 
hind paws with CNO injection and blue light stimulation 7 
days after CPNL (CNO, F(3, 15) = 27.14, P < 0.001, ***P < 0.01; 
saline: F(3, 9) = 1.03, P = 0.426; 1-way, repeated-measures 
ANOVA with Tukey’s post hoc test; ###P < 0.001, Student’s 
t test). (I and J) Total distance traveled and percentage of 
time in the central area in the OF with CNO injection and 
blue light stimulation 14 days after CPNL (I: CNO, F(3, 21) = 
2.64, P > 0.05; saline: F(3, 9) = 1.03, P = 0.426; J: CNO, F(3, 21) = 
5.25, P < 0.01, *P < 0.05; saline: F(3, 9) = 11.47, P < 0.01,  
$$P < 0.01; 1-way, repeated-measures ANOVA with Tukey’s 
post hoc test). (K and L) The percentage of time in and 
percentage of entries into the OAs in the EPM with CNO 
injection and blue light stimulation at 14 days after CPNL 
(K: CNO, F(3, 15) = 55.60, P < 0.001, ***P < 0.01; saline: F(3, 9) = 
4.86, P = 0.028, $P < 0.05; L: CNO, F(3, 15) = 83.05, P < 0.001, 
***P < 0.01; saline: F(3, 9) = 6.38, P = 0.013, $P < 0.05; 1-way, 
repeated-measures ANOVA with Tukey’s post hoc test; 
###P < 0.001, Student’s t test).
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into the OAs were significantly increased following bicuculline or 
LY367385 injections (Figure 8, J and K). The above results indi-
cate that inhibition of GABAARs or mGluR1s might be a useful 
approach to rescue hyperalgesia and anxiety-like behaviors under 
chronic pain conditions.

Discussion
In this study, we identified an excitatory “top-down” neural 
pathway from the dmPFC to the vlPAG that used glutamate as a 
neurotransmitter and acted on VGLUT2-containing neurons in 
the vlPAG. Under normal conditions, the dmPFC/vlPAG neural 
pathway played important roles in maintaining the mechanical 
thresholds of the hind paws and normal behavior in the OF and 

and the LY367385-treated group. Under normal conditions, bicu-
culline injection significantly increased the total distance traveled 
and the percentage of time spent in the central area in the OF test 
(Figure 8, H and I). However, LY367385 injection had no obvious 
influence on those behaviors. Neither bicuculline nor LY367385 
dmPFC injections affected the percentage of time spent in or the 
percentage of entries into the OAs in the EPM test (Figure 8, J and 
K). Fourteen days after CPNL, the total distance traveled and the 
percentage of time spent in the central area in the OF test were 
significantly increased following bicuculline injection into the 
dmPFC (Figure 8, H and I). However, only LY367385 injection 
increased the percentage of time spent in the central area. In the 
EPM test, both the percentage of time in and percentage of entries 

Figure 8. Suppression of GABAAR and mGluR1 in the 
dmPFC reverses CPNL-induced mechanical hyperal-
gesia and anxiety-like behaviors. (A and B) Repre-
sentative schematic diagram of cannula placement 
in the dmPFC and the behavioral testing procedure. 
(C–E) Double staining of FOS-ir neurons (red) and 
DAPI (blue) in the dmPFC after drug infusion. Scale 
bar: 200 μm (E) (applied in C and D) Can., cannula; 
fmi, forceps minor of the corpus callosum (F and G) 
Mechanical thresholds of the bilateral hind paws 
following dmPFC injections of saline, bicuculline 0.1 
μg or LY 367385 0.4 nmol at baseline and 7 days after 
CPNL (ipsilateral, F(2, 15) = 6.87, P < 0.001: baseline t = 
0.51, t = 0.14; CPNL t = 4.55, t = 4.55; contralateral,  
F(2, 15) = 7.56, P < 0.001: baseline t = 0.56, t = 0.31; 
CPNL t = 3.98, t = 3.60; #P < 0.05 and ##P < 0.01; ***P 
< 0.001; 2-way, repeated-measures ANOVA with Bon-
ferroni’s post hoc test; n = 6 mice per group). (H and I) 
The total distance traveled and percentage of time in 
the central area in the OF following dmPFC injection 
of saline, bicuculline or LY 367385 at baseline and 
14 days after CPNL (total distance, F(2,15) = 10.60, P 
< 0.01: baseline t = 3.79, t = 0.55; CPNL t = 2.85, t = 
0.38; time percentage in the central area, F(2, 15) = 6.56, 
P < 0.01: baseline t = 2.91, t = 0.77; CPNL t = 2.52, t = 
2.80; #P < 0.05; *P < 0.05 and **P < 0.01; $$P < 0.01; 
2-way, repeated-measures ANOVA with Bonferroni’s 
post hoc test; n = 6 mice per group). (J and K) The 
percentage of time in and percentage of entries into 
the OAs in the EPM following dmPFC injection of 
saline, bicuculline, or LY 367385 at baseline and 14 
days after CPNL (time percentage in the OAs, F(2, 15) 
= 2.96, P > 0.05: baseline t = 0.43, t = 0.21; CPNL t 
= 2.86, t = 2.78; entries percentage in the OAs, F(2, 15) 
= 2.35, P > 0.05: baseline t = 0.33, t = 0.66; CPNL t 
= 3.04, t = 2.64; #P < 0.05; *P < 0.05 and**P < 0.01; 
2-way, repeated-measures ANOVA with Bonferroni’s 
post hoc test; n = 6 mice per group).
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which thus increases the pain threshold. Huang et al. recently 
showed the existence and antinociceptive function of the dmPFC/
vlPAG pathway (23). Their study used various tracers and viruses 
to investigate the projections from the mPFC to the vlPAG. How-
ever, the synaptic evidence was not consolidation. In our study, the 
retrotranssynaptic and anterotranssynaptic viruses were adopted 
to confirm, for the first time to our knowledge, the specific projec-
tions from the dmPFC to the vlPAG.

Specific activation of pyramidal neurons in the PL produced 
analgesic effects and improved anxiety-like behaviors following 
CFA injection (10). Furthermore, specific silencing of parval-
bumin-containing (PV-containing) neurons in the dmPFC was 
shown to exert obvious analgesic effects, and specific activation 
of these neurons worsened chronic pain–induced mechanical 
and heat hyperalgesia (32). Conditioned place preference scores 
and place escape/avoidance behavior have also been influenced 
by these PV-containing neurons in the PL (32). However, the 
study by Huang et al. showed that optogenetic activation or 
deactivation of amygdala-PFC inputs did not affect anxiety-like 
behaviors in a spared nerve injury (SNI) mouse model (23). Their 
study mainly focused on the analgesic effects of the dmPFC/
vlPAG neural pathway. However, we observed the effects of 
different neurons in the dmPFC and the dmPFC/vlPAG neural 
pathway on the nociception-related affective behaviors. Our 
results indicated that specific activation of the dmPFC/vlPAG 
neural pathway produced both analgesic and antianxiety effects 
in the CPNL chronic pain mouse model.

In clinical practice, anodal transcranial current stimulation 
over the left dorsolateral PFC (dlPFC) has been shown to ame-
liorate neuropathic pain. Analgesia might have occurred through 
modulation of the emotional pain network (40). In our study, 
chemogenetic activation of pyramidal neurons in the PFC also 
produced strong antinociceptive and antianxiety effects. Our 
results suggested that the dmPFC was silenced under chronic pain 
conditions. Specific activation of the dmPFC/vlPAG neural path-
way improved anxiety-like behaviors in the EPM test, but not in 
the OF test, which indicated that the antianxiety effects were not 
the result of analgesia. Specific activation of VGLUT2-containing 
neurons or suppression of glutamate decarboxylases–containing 
(GAD-containing) neurons in the vlPAG induce obvious analgesia 
and defensive behaviors in the mice (27, 28). These various behav-
ioral outcomes suggest that deactivation of the dmPFC/vlPAG 
neural pathway was involved in the initiation of the anxiety-like 
behaviors observed in the EPM test.

The vlPAG is a significant modulator of both pain-related 
and fear behaviors in humans and rodents. Previous studies have 
shown that specific activation of VGLUT2-containing neurons 
in the vlPAG produce obvious analgesia and freezing behaviors 
(28, 41). Tovote et al. reported that this freezing behavior was pro-
duced by activation or disinhibition of vlPAG excitatory outputs to 
pre-motor targets in the magnocellular nucleus (Mc) of the medulla  
(28). However, it is still observed that VGLUT2+ neurons could 
also project to the RVM directly, which is involved in the descend-
ing inhibition of pain. Therefore, it was speculated that analgesic 
and fear behaviors produced by activation of VGLUT2+ neurons 
in the vlPAG depend on the vlPAG/RVM or vlPAG/Mc neuropath-
way, respectively. Rozeske et al. reported that specific activation 

EPM tests. Deactivation of the dmPFC/vlPAG neural pathway by 
chemical lesions in the dmPFC or specific activation of inhibitory 
neurons in the dmPFC reduced the mechanical thresholds of hind 
paws under both normal and chronic pain conditions and induced 
anxiety-like behaviors. Moreover, the activation of inhibitory neu-
rons in the dmPFC worsened negative emotions under chronic 
pain conditions. Analgesic and antianxiety effects were observed 
after activating the dmPFC/vlPAG neural pathway using optoge-
netic approaches. We used behavioral pharmacologic approaches,  
which showed the GABAAR and the mGluR1 in the dmPFC to be 
involved in the initiation and maintenance of chronic pain and 
negative emotions. Given the results of the present study, we 
speculated that deactivation of the dmPFC/vlPAG neural pathway 
initiated and maintained mechanical hyperalgesia and CPNL- 
induced anxiety-like behaviors under chronic pain conditions. 
Thus, these processes might be the underlying mechanism for the 
chronic pain cycle and might therefore represent a potential target 
for the treatment of chronic pain in clinical practice.

GABAergic inhibitory interneurons were found to be involved 
in the modulation of excitatory pyramidal neurons in the dmPFC 
(31, 32). Our present study showed that specific activation of pyra-
midal neurons in the dmPFC produced analgesic and antianxiety 
effects. However, specific activation of inhibitory neurons in the 
dmPFC worsened CPNL-induced mechanical hyperalgesia and 
anxiety-like behaviors. Only lesions of the contralateral, not the 
ipsilateral, PL attenuated complete Freund’s adjuvant–induced 
(CFA-induced) anxiety-like behaviors and heat hyperalgesia 
(10), which was contradictory to our results showing that bilat-
eral lesions in the dmPFC worsened CPNL-induced mechani-
cal hyperalgesia. Regarding this difference, we cannot exclude 
the possibility of differential effects of the chemical drugs used 
in these 2 investigations (quinolinic acid versus KA) on various 
lesioned neuron types. Different chronic pain models (CFA versus 
CPNL) and different areas damaged by the chemical lesions also 
contributed to the different behavioral readout.

The presence of tactile allodynia in persistent neuropathic  
pain may be associated with a shift in brain responses toward 
neural circuits that regulate the affective and motivational com-
ponents of pain (33). Some clinical studies showed that working 
memory and attention impairments accompany chronic pain in 
patients (34, 35). These findings indicate that there is a special 
area in the cerebral cortex involved in the modulation of pain, 
emotion, and cognition. One study showed that activation of the 
anterior cingulate cortex (ACC) is involved in chronic pain accom-
panied by anxiety and/or depression (36). Other studies showed 
that ACC neurons in layer V were found to project directly to 
the superficial laminae of the spinal dorsal horn and that stimu-
lation of the ACC facilitates neuropathic pain responses (37, 38).  
Another study showed that the nucleus accumbens (NAc) con-
tributes to an aversive learning signal that leads to sustained pain 
intensity over time following peripheral nerve injury (21). Deacti-
vation of the NAc plays a causal role in the neuropathic pain phe-
notype (8). The mPFC-NAc connection is an accurate predictor 
of the transition from subacute to chronic pain. It has also been 
reported that the PFC is involved in thalamic–PAG–dorsal horn 
top-down modulation of pain (39). Activation of PL excitatory 
neurons strongly activates the descending inhibitory pathway, 
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20). L-655,708, a selective negative modulator at GABAA recep-
tors, was shown to reverse the alterations in hedonic behavior in 
sucrose preference and social interaction tests (46). Recently, a 
study by Huang et al. showed that SNI leads to weakened endo-
cannabinoid signaling in layer V of the mPFC, in turn causing a 
disinhibition of glutamatergic inputs into inhibitory neurons (23).

The present study is the first to our knowledge to show that the 
dmPFC/vlPAG neural pathway is involved in both pain modula-
tion and anxiety-like behaviors. Activation of this neural pathway 
might be a straightforward and useful therapeutic strategy to both 
alleviate chronic pain and rescue anxiety/depression behaviors in 
chronic pain conditions.

Methods
Experimental animals. VGLUT2-ires-Cre mice were used to study 
the inputs of VGLUT2-ir neurons in the vlPAG using a rabies virus–
labeling system. Vgat-ires-Cre mice were used to study the effects of 
local inhibitory neurons in the dmPFC. For the other experiments, 
C57BL/6J mice were used. All mice (male, 8–10 weeks of age, 20–25 g) 
were housed under a 12-hour light/12-hour dark cycle, with lights on at 
7 am and food and water provided ad libitum. All mice were purchased 
from The Jackson Laboratory. Mice were housed in clear plastic  
cages in a controlled environment at a constant temperature of 23°C 
and humidity of 50% ± 10%.

CPNL model. The CPNL model was established to observe pain- 
and anxiety-related behaviors following previously described proce-
dures (37, 47). Briefly, the mice were anesthetized by i.p. injection of 
2% sodium pentobarbital (40 mg/kg). The CPN was visible between 
the anterior and posterior groups of muscles, running almost trans-
versely. The left CPN was slowly ligated with chromic gut suture 5-0 
until contraction of the dorsiflexor of the foot was visible as twitching 
of the digits. The skin was then sutured and cleaned. Sham surgery was 
conducted in the same manner, but the nerve was not ligated. The mice 
were used for behavioral studies on postsurgical days 1, 3, 7, and 14.

Measurement of sensitivity to mechanical stimuli. The measure-
ments were based on our previous publications (48, 49). Mice were 
habituated to the testing environment for 3 days before baseline 
testing and were then placed under inverted plastic boxes (7 × 7 × 10 
cm) on an elevated mesh floor and allowed to habituate for 30 min-
utes before threshold testing. A logarithmic series of 8 calibrated  
Semmes-Weinstein monofilaments (von Frey hairs, Stoelting) was 
applied to the plantar surface of the paw that received nerve ligation 
and to the contralateral paw. Positive responses included licking,  
biting, and sudden withdrawal of the hind paws. The log stiffness of 
the hairs was determined by log10 (milligrams × 10). A von Frey fila-
ment was applied 5 times (3 seconds for each stimulus) to each test-
ing area. The minimum bending force of the von Frey filament able 
to evoke 3 occurrences of the paw withdrawal reflex was expressed as 
a 50% withdrawal threshold. The stimulus was stopped if the thresh-
old exceeded 10.0 g (cutoff value). Mechanical allodynia was assessed 
on the basis of the responsiveness of the hind paws to the application 
of a particular von Frey filament (0.04 g). Ten trails were carried out 
each time, and the results are expressed as a percentage of positive  
responses. All tests were performed in a blinded manner.

OF and EPM tests. The OF test was conducted according to the 
method used in our previous studies (50, 51). Mice were placed at 
the center of a cubic chamber that measured 50 cm (width) × 50 cm 

of the dmPFC-l/vlPAG pathway leads to low-fear states (reduc-
ing freezing levels) during contextual fear discrimination, which 
is similar to our results (42). A likely possibility is that excitatory 
dmPFC afferents impinge on the GAD2+ neurons in the lateral/
vlPAG (l/vlPAG) (23) and thus inhibit the vlPAG/Mc neuropath-
way. Besides, inhibition of GAD2+ neurons through central amyg-
dala (CeA) inhibitory inputs during cued fear expression would 
lead to fear responses, as already documented (28). Therefore, 
the activation of dmPFC excitatory inputs on the GAD2+ neurons 
in the l/vlPAG would induce the opposite effect, that is, a low-fear 
state. However, it has still been observed that dmPFC excitatory  
inputs could also directly project onto VGLUT2+ neurons in the 
vlPAG, which is involved in analgesic behaviors. In fact, the  
dmPFC/vlPAG neuropathway is not the cardinal pathway for 
modulating anxiety levels. Rozeske et al. reported that modula-
tion of the dmPFC/vlPAG pathway in anxiety behaviors is specific 
to a contextual discrimination paradigm (42). They induced opto-
genetic activation or inhibition of the dmPFC/l/vlPAG pathway 
in a classical auditory fear-conditioning and extinction paradigm 
associated with high- and low-freezing levels. Following condi-
tioning, optogenetic activation of the dmPFC/l/vlPAG pathway 
did not reduce freezing levels. Huang et al. recently showed 
that the PFC/vlPAG pathway is critical for the development of 
mechanical and thermal hypersensitivity after peripheral nerve 
injury (23). Specific activation of the dmPFC/vlPAG pathway 
produced both antinociception and antianxiety effects. Never-
theless, we think that the role of the dmPFC/vlPAG in exerting 
antianxiety effects is not comprehensive. In our study, activation 
of dmPFC/vlPAG pathway only affected anxiety behaviors in the 
EPM test but not in the OF test. We hypothesized that the primary  
function of the dmPFC in anxiety is completed through other tar-
gets, such as the amygdala, and that the dmPFC/amygdala path-
way is therefore the cardinal pathway for modulation of anxiety 
levels. Our study also demonstrated that manipulation of the 
dmPFC has much stronger effects on anxiety behaviors than does 
manipulation of the dmPFC/vlPAG pathway.

There were many findings regarding dmPFC deactivation in 
different pain models. Several possible molecular targets have 
been revealed (10). The pain- and anxiety-like behaviors follow-
ing CFA injection were related to the increased expression of 
cyclin-dependent kinase 5 (Cdk5). Knockdown of Cdk5 in the 
PL produced analgesic and antianxiety effects (10). Bilateral 
intra-mPFC administration of the κ opioid receptor (KOR) antag-
onist norbinaltorphimine (nor-BNI) increased the time spent in 
the central area in the OF test, suggesting antianxiety effects (43). 
Behaviorally, acute hyperpolarization–activated cyclic nucleotide–
gated (HCN-gated) channels blocked by local injection of ZD7288 
in the dmPFC of SNI rats induce a decrease in cold allodynia (44). 
The loss of excitatory cholinergic modulation may also play a crit-
ical role in medial PFC (mPFC) deactivation in neuropathic pain 
and underlie the mPFC-specific cognitive deficits that are comor-
bid with neuropathic pain (45). Impaired glutamatergic signaling 
contributes to the general deactivation of layer V PFC neurons fol-
lowing SNI surgery (17). Pain-associated dmPFC suppression has 
been thought to be driven by hyperactivity of the amygdala inputs 
to the dmPFC, which results in a group I metabotropic gluta-
mate receptor–mediated increase in local GABAergic activity (19, 
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ner similar to those described in previous studies with modification 
(10, 59). Mice with fiber optic ferrules in the vlPAG were photostimu-
lated by attaching the ferrule to a fiber optic cable with a rotary joint 
(Doric Lenses), followed by another fiber optic cable that was then 
attached to a fiber-coupled 473 nm blue laser (BOGS-1, Beijing Bio-
Gold Biotech Co. Ltd). Laser power output from the fiber optic cable 
was measured using a photometer (Thorlabs) and set to approximately 
12 mW/mm2, as power loss through the ferrule-cable connection was 
10%–20%. For the von Frey test, a 2-minute stimulation (473 nM at 
20 Hz, 10 ms pulse) with a 2-minute break following each stimulation 
was performed in each animal until the mechanical thresholds were 
detected. For the OF and EPM tests, behavior over a total of 9 minutes 
was recorded and included 3 minutes of photostimulation, a 3-minute 
break, and 3 minutes of photostimulation with the same blue light fre-
quency and power intensity.

For the chemogenetic test, the mice, following virus injection, 
received an i.p. injection of 1 mg/kg CNO (MilliporeSigma) or 50 μL 
saline, followed by detection of the pain thresholds and the recording 
of behaviors in the OF and EPM.

Saline (0.4 μL), bicuculline (0.1 μg; MilliporeSigma), or LY367385 
(0.4 nmol; Tocris Bioscience) was injected at a rate of 50 nL/min using 
a 3.2 mm long injection cannula connected to a Pump Elite 11 infusion 
pump (Harvard Apparatus) via a polyethylene tube. Behavioral assess-
ments of mice were performed by observers blinded to the animal groups. 
Likewise, the mechanical thresholds of the bilateral hind paws and behav-
iors of the mice in the OF and EPM tests were detected or recorded.

Immunohistochemical and immunofluorescence histochemical stain-
ing. The procedures were performed as previously described (48, 55). 
After deep anesthesia using pentobarbital (100 mg/kg, i.p.) and perfu-
sion with 0.1 M phosphate buffer (PB) (pH 7.4) containing 4% parafor-
maldehyde, the whole brain was removed and postfixed for 4 hours and 
then immersed in 30% sucrose in 0.1 M PB for 48 hours at 4°C. Trans-
verse forebrain containing dmPFC, vlPAG, or RVM sections were cut at 
40 μm thickness on a cryostat (Leica CM1800) at –20°C, and the sec-
tions were collected serially into dishes containing 0.01 M PBS (pH 7.4).

Immunohistochemical staining with FG or BDA was performed 
with an avidin-biotin-peroxidase complex (ABC) method. The sections 
were blocked for 0.5 hours at room temperature (RT) (20°C–25°C). 
Next, the sections were incubated overnight at RT with guinea pig 
(Gp) anti–FG antiserum (1:200; NM-101, Protos Biotech), followed by 
incubation with donkey anti–Gp IgG (1:500; AP193B, MilliporeSigma) 
for 5 hours. Finally, sections (or sections used for detection of BDA) 
were incubated with the ABC Elite Kit (1:100; A-2001, Vector Labora-
tories) at RT for 2 hours and then were further incubated in a solution 
containing 0.05 M Tris-HCl, 0.13% diaminobenzidine, and 0.005% 
hydrogen peroxide for 20 to 30 minutes to complete the diaminoben-
zidine reaction. Finally, all sections were mounted onto gelatin-coated 
glass slides, air dried, dehydrated in a graded series of diluted ethanol, 
cleared in xylene, and coverslipped.

The procedures for immunofluorescence histochemical staining 
were the same as those previously described (55, 60, 61). The dmPFC 
sections from the mice that received FG or virus injection, or from mice 
that underwent cannula implantation were used to evaluate the double 
staining of FG/CaMKII, GAD67/FG, NeuN/FG, NeuN/GFAP, or FOS/
DAPI or biocytin/DAPI, or the triple staining of mCitrin/GAD67/FOS. 
The vlPAG sections from mice that received the dmPFC AAV2/2-CaM-
KIIα-EYFP injection and the RVM FG injection, or from mice that 

(length) × 45 cm (height). The locomotor activity of mice for 15 minutes 
was monitored by an automated analysis system. The total distance 
traveled was used as a measure of the locomotion, and the percentage 
of time spent in the central area (percentage of total time) was used 
to evaluate anxiety-like behavior by offline analysis. All animals were 
habituated to the testing room for 30 minutes before the OF test. The 
behavioral room was dimly illuminated with indirect white lighting.

The EPM test was conducted according to methods described in 
our previous studies (52, 53). The EPM was made of a white Plexiglass 
apparatus consisting of 2 opposing OAs (30 × 5 cm), 2 opposing closed 
arms (CAs) (30 × 5 × 25 cm), and a central area measuring 5 × 5 cm. 
The plus-shaped platform was 50 cm above the floor. Generally, mice 
were placed individually into the center area of the maze facing one 
of the OAs and were allowed to explore for 5 minutes. The number of 
OA and CA entries and time spent in the OAs and CAs were recorded 
by an automated analysis system. Only when all 4 paws crossed out 
of the central zone was the animal considered in an OA or a CA. The 
percentage of time spent in the OAs (percentage of total time) and the 
percentage of entries into the OAs (percentage of total entries) were 
measured to evaluate general anxiety levels. The environmental con-
ditions and the habituation protocol for the EPM test were the same as 
those of the OF test.

Stereotaxic KA, tracer, and virus injection. The injection procedures 
have been described in our previous studies (54, 55). In brief, mice 
were anesthetized with 2% sodium pentobarbital (40 mg/kg, i.p.). A 
midline opening was made in the skull with a dental drill to insert a 
glass micropipette connected to a microsyringe (1 μL, Hamilton) into 
the target site. Detailed injection information is presented in Sup-
plemental Table 1. The mice with the virus infection were allowed to 
recover for 4 weeks before the behavioral experiments (56).

For cell-type–specific retrograde transsynaptic tracing, Cre- 
dependent AAV2/9-DIO-EGFP-TVA and AAV2/9-DIO-RG were 
mixed at equal volumes before virus injections. Then, 300 nL 
of the AAV mixture was stereotaxically injected into the vlPAG 
of VGLUT2-ires-Cre mice, which allowed EGFP-TVA– and RG- 
selective expression in VGLUT2-containing neurons. After 4 weeks 
of recovery and AAV expression, 300 nL RV-EnvA-ΔG-dsRed was 
injected into the same location in a biosafety level-2 environment. 
After 1 week of rabies virus infection and transsynaptic spread (57, 
58), the animals were sacrificed.

Fiber optic ferrules or cannula implantation. For optogenetic exper-
iments, a custom-made ferrule with a fiber optic cable (100 μm in core 
diameter, Doric Lenses) was subsequently placed above the vlPAG 
and fixed on the skull with bone screws, super glue, and dental cement 
(Metabond, Parkell). Unless otherwise indicated, the control animals 
used in this study were animals with the same genetic background that 
were injected with AAV2/2-CaMKIIα-EYFP and that also received 
fiber optic implantation into the vlPAG.

For microinjection of drugs into the dmPFC, a 3.0 mm long guide 
cannula (6202, OD 0.56 × ID 0.38 mm, RWD Life Science) was ste-
reotaxically implanted, aimed at the contralateral dmPFC, fixed to 
the skull with bone screws, super glue, and dental cement, and then 
a dummy cannula was inserted into the guide cannula. After guide  
cannula implantation and a 1-week recovery, mice were tested for 
pain-related and anxiety-like behaviors.

Behavioral tests using optogenetic, chemogenetic, and pharmacolog-
ical approaches. Optogenetic experiments were performed in a man-
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were recorded in voltage-clamp mode with the membrane potential 
held at 70 mV, and cells were stimulated using 40 μM CNO.

Western blot analysis. Mice were sacrificed after inducing deep 
anesthesia using pentobarbital (100 mg/kg, i.p.), and then the 
whole brain was quickly removed. The dmPFC was collected and 
homogenized with a hand-held pestle in SDS sample buffer. The 
electrophoresis samples were heated at 100°C for 5 minutes and 
loaded onto 10% SDS-polyacrylamide gels with standard Laem-
mli solutions (Bio-Rad Laboratories). The proteins were electrob-
lotted onto a PVDF membrane (Immobilon-P, MilliporeSigma). 
The membranes were placed in a blocking solution for 1 hour 
and incubated overnight under gentle agitation with the primary 
antibody rabbit anti-GABAAR (1:1000; ab72446, Abcam) or rab-
bit anti-mGluR1 (1:1000; ab82211, Abcam) and mouse anti–β-
actin (1:5000; MilliporeSigma). Bound primary antibodies were 
detected with an HRP-conjugated anti-rabbit antibody (1:5000; 
ZB-2301, ZSGB-Bio) or anti-mouse secondary antibody (1:5000; 
ZB-2305, ZSGB-Bio). All reactions were detected by the ECL 
detection method. The densities of protein blots were analyzed 
using Labworks Software (Ultra-Violet Products). The densities 
of the GABAAR, mGluR1, and β-actin immunoreactive bands were 
quantified with background subtraction.

Statistics. Values are reported as the mean ± SEM. The behavioral 
data were analyzed by 1-way or 2-way repeated-measures ANOVA, with 
Bonferroni’s or Tukey’s post hoc test, paired t test, or 2-tailed Student’s 
t test. Student’s t test was used for immunofluorescence analysis and 
analysis of Western blot data. The comparison of electrophysiology data 
was made using a 2-way repeated-measures ANOVA with Bonferroni’s 
post hoc test or Student’s t test. Statistical analyses were performed using 
GraphPad Prism, version 6.0e (GraphPad Software). Normality and 
equal variance tests were performed for all statistical analyses. A P value 
of 0.05 or less was considered statistically significant.

Study approval. All experimental procedures received prior 
approval from the Animal Use and Care Committee for Research and 
Education of The Fourth Military Medical University (Xi’an, China) 
and followed ethical guidelines for the study of experimental pain in 
conscious animals.
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received the dmPFC AAV2/2-CaMKIIα-hChR2-EYFP injection were 
used to evaluate the double staining of EYFP/FG and EYFP/FOS or the 
triple staining of EYFP/FG/synapsin (Supplemental Table 2). Finally, 
all of the sections were then mounted onto glass slides and observed 
with laser scanning confocal microscopy (FV1000, Olympus) under 
appropriate filters.

ISH histochemistry combined with retrograde tract tracing. FISH was 
performed as previously described (62, 63). After a survival period of 
1 week, the mice injected with FG into the vlPAG or RVM were euth-
anized and then perfused, and the brains were dissected and cut into 
20 μm thick transverse sections. Then, the sections were hybridized 
with digoxigenin-labeled VGLUT1 or VGLUT2 riboprobe. After wash-
es and ribonuclease A treatment, the hybridized sections were incu-
bated overnight at RT with a mixture (1:2000 dilution) of peroxidase- 
conjugated anti–digoxigenin sheep antibody (11-207-733-910, Roche 
Diagnostics) and Gp anti-FG antibody (1:200 dilution). To amplify 
the signals for VGLUT1 or VGLUT2 mRNA, we used the biotinylated 
tyramine (BT) glucose oxidase (GO) amplification method (64). Sub-
sequently, the sections were incubated with 10 μg/mL Alexa Fluor 
488–conjugated streptavidin (S-11223, Invitrogen, Thermo Fisher  
Scientific) for 2 hours and then with 10 μg/mL Alexa Fluor 594– 
conjugated goat antibody against Gp IgG (Invitrogen) for 4 hours. 
Finally, all of the sections were mounted onto glass slides and observed 
with laser scanning confocal microscopy.

Electrophysiology. Coronal brain slices containing dmPFC were 
prepared according to methods described in our previous studies 
(60, 65). Transverse slices (300 μm thick) were cut on a vibrating 
microtome (Leica VT 1200s) at 4°C. The slices were transferred 
into a submerged chamber containing artificial cerebrospinal fluid 
containing the following reagents: 124 mM NaCl, 2.5 mM KCl, 2 
mM CaCl2, 2 mM MgSO4, 25 mM NaHCO3, 1 mM NaH2PO4, 10 mM 
glucose, 1 mM ascorbate, and 3 mM sodium pyruvate. The record-
ings were made in voltage-clamp or current-clamp mode using the 
Axon 700B amplifier (Axon Instruments). Pclamp software, ver-
sion 10.02 (Axon Instruments) was used to acquire and analyze the 
data. The recording pipettes (3–6 MΩ) filled with a solution con-
taining 130 mM potassium-gluconate, 5 mM NaCl, 15 mM KCl, 0.4 
mM EGTA, 10 mM HEPES, 4 mM Mg-ATP, and 0.3 mM Na2-GTP 
(adjusted to pH 7.3 with KOH) were used for recording. For spon-
taneous excitatory postsynaptic current (sEPSC) recordings, cells 
were voltage clamped at –70 mV. The recordings were performed 
on retroBead-containing pyramidal neurons, EGFP-expressing 
pyramidal neurons, or mCherry-expressing inhibitory neurons in 
the dmPFC that were visualized under epifluorescence using a filter  
set (U-HGLGPS, Olympus) with a monochrome CCD camera 
(IR-1000E, DAGE-MTI) and monitor. In cases of retroBeads trac-
ing, 0.2% biocytin (MilliporeSigma) was introduced into the record-
ing solution to identify the recorded neurons. The action potentials 
were detected in response to suprathreshold current injections in 
the current-clamp mode. Depolarizing currents of 0–300 pA (400 
ms duration) were delivered in increments of 20 pA. Optical stimu-
lation (473 nm) was applied with a custom laser fiber. The stimula-
tion pattern was similar to that used in vivo (5 Hz, 10 Hz, and 20 Hz 
pulse trains). Blue light was applied through a 40 objective over the 
field of view of the patched cell. Picrotoxin (100 μM) was used to 
block inhibitory synaptic transmission from the inhibitory neurons 
to the dmPFC/vlPAG projection neurons. CNO-evoked currents 
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