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The human dorsal lateral PFC (dlPFC) plays an important 
role in the cognitive and affective modulation of pain1–3. 
Noninvasive stimulation of the dlPFC in humans leads to 

acute pain modulation and effectiveness in the treatment of chronic 
pain states4,5. The medial PFC (mPFC) is the rodent homolog of the 
primate dlPFC6. In mice, parvalbumin-expressing, γ-aminobutyric 
acid (GABA)ergic interneurons (PVINs) mediate increased feed-
forward inhibition of mPFC output after peripheral nerve injury, 
leading to reduced mPFC output7,8. Optogenetic inhibition of 
these PVINs consequently mediates analgesia, as well as revers-
ing increased place avoidance and escape behaviors associated 
with neuropathic pain7,8. How this occurs at the cellular, molecular 
and network level is not understood. Specifically, it has remained 
unclear to what extent specific inputs into the mPFC are modified 
after peripheral nerve injury, and which projections originating 
from the mPFC might be the downstream effectors of this dysregu-
lated mPFC activity. The mPFC exhibits reciprocal connections 
with the BLA, a brain region that receives ascending sensory inputs 
from the spinal cord via the parabrachial nucleus9–11. This then 
raises the possibility that the observed alterations in mPFC function 
may originate from BLA inputs. In the present study, optogenetic 
approaches were used to examine the role of specific glutamatergic 
BLA inputs into the mPFC, reveal the molecular basis of dysregula-
tion of mPFC signal processing and elucidate the downstream brain 
circuitry involved in neuropathic chronic pain states.

Results
Nerve injury-induced dysregulation of BLA inputs into the 
mPFC. To establish a functional link between the mPFC and BLA, 
first PVINs were genetically labeled by crossing parvalbumin-cre 
(PV-cre) mice with cre-dependent Ai9 tdTomato reporter mice 
(PV-cre::Ai9), allowing a record to be made of postsynaptic activity  

from labeled layer 5 PVINs and nonlabeled pyramidal neurons in 
prelimbic mPFC slices. To achieve selective activation of inputs 
from the BLA, ChR2(H134R)-eYFP was virally expressed in pro-
jection neurons originating from the BLA under the control of 
the glutamatergic, cell-specific, CaMKIIα promoter (Fig. 1a). 
Enhanced yellow fluorescent protein (eYFP)-expressing fibers 
were observed in the BLA, as well as in layers 2/3 and 5 of the 
mPFC (Fig. 1b). The experiments focused on prelimbic layer 5 
because it is the major output region of the mPFC11. Current-clamp 
recordings showed that blue laser pulses induced time-locked 
action potential firing in AAV-ChR2(H134R)-eYFP-infected neu-
rons in the BLA and in mPFC layer 5 neurons that receive BLA 
inputs (Fig. 1c). Voltage clamp recordings in prelimbic layer 5 
PVINs revealed that blue laser light-induced short-latency evoked 
excitatory postsynaptic currents (eEPSCs) when the membrane 
voltage was held at −70 mV (Fig. 1d). These eEPSCs were blocked 
by bath application of tetrodotoxin (TTX) and could be rescued 
by bath application of the potassium channel blocker 4-amino-
pyridine (4-AP), which is believed to cause calcium influx and 
thus facilitate vesicular release on optical activation of axon ter-
minals (Fig. 1d)12. This is consistent with a monosynaptic nature 
of the BLA inputs to PVINs. An apparent small evoked inhibi-
tory postsynaptic current (eIPSC) disappeared after TTX, and 
was not rescued with 4-AP, revealing a bisynaptic nature to this 
current. Similarly, voltage clamp recordings from prelimbic, layer 
5 pyramidal neurons (glutamatergic projections or PNs) revealed 
blue light-induced eEPSCs as well as eIPSCs, both of which were 
eliminated by TTX (Fig. 1e). Only the excitatory events could be 
rescued by 4-AP, but not the disynaptic feedforward inhibition 
mediated by GABAergic interneurons. Therefore, glutamatergic 
BLA input into the mPFC forms monosynaptic connections with 
both PVINs and PNs.
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Fig. 1 | effects of nerve injury on BLA inputs into the prelimbic mPFC. a, Experimental configuration showing AAV-CaMKIIα-ChR2-eYFP injection into the 
BLA. b, Sample image showing eYFP expression in BLA (left) and the prelimbic mPFC (right). Scale bar, 200 μm (n = 3 mice) c, Sample current-clamp traces 
showing light-evoked action potential firing in a ChR2-eYFP-expressing BLA neuron (left, representative of five cells) and in a layer 5 prelimbic mPFC neuron 
receiving BLA inputs (right, representative of eight cells). d, Sample voltage-clamp recording of blue laser-induced synaptic currents in a PVIN at Vh −70 mV 
or 0 mV, without (control) and with TTX (1 μM) or TTX and 4-AP (100 μM). e, Same as in d but in a layer 5 PN. The scale bars in d,e reflect 200 pA and 
20 ms. f, Amplitude ratio of optically evoked eEPSCs from pairs of PVINs and PNs within the same brain slices (P = 0.0452, t = 2.234). g, Optically evoked 
eIPSC and eEPSC ratio from the same layer 5 PNs of prelimbic mPFC (P = 0.0122, t = 2.685). h, Amplitude of eEPSCs recorded in PVINs after electrical 
stimulation of the BLA inputs (4 V: P = 0.0337, t = 2.225; 5 V: P = 0.0212, t = 2.431; 6 V: P = 0.0123, t = 2.664; 7 V: P = 0.0147, t = 2.596; 8 V: P = 0.0031, 
t = 3.195). Paired pulse ratio (right) was obtained from the same experiments (P = 0.0492, t = 2.067). i, Amplitude of eEPSCs recorded in layer 5 PVINs after 
electrical stimulation of BLA inputs (stimulation voltage = 8 V) and CB1 antagonist (AM281, 1 μM) application (P = 0.0050, F = 4.778). j, Quantitative PCR 
analysis of CB1 receptor mRNA levels in the contralateral prelimbic mPFC from sham and SNI mice at 2 and 4 weeks after injury (P = 0.0486, t = 2.245 at 
2 weeks; P = 0.3308, t = 1.001 at 4 weeks). k, Western blot examining CB1 receptor protein levels in the prelimbic mPFC at 4 weeks after SNI surgery. This 
blot represents four independent repetitions; in one additional experiment no change was observed, and this was not included in the quantification shown 
in l. l, Densitometry analysis of band intensities for CB1 receptor western blots (P = 0.0324, F = 3.773). The insets in various panels illustrate optogenetic 
electrophysiological configuration, with the laser stimulation indicated in blue. Data are presented as mean ± s.e.m. Two-tailed, unpaired Student’s t-tests 
were used for f,g,h (left and right) and j, one-way ANOVA with Newman–Keuls multiple comparison test for i and Tukey’s multiple comparison test for l. 
The asterisks denote significant differences. In f–i, numbers in parentheses denote numbers of cells. In j and l, numbers in parentheses reflect numbers of 
mice and numbers of independent assays, respectively. Contra, contralateral; ipsi, ipsilateral; L, layer; PrL, prelimbic area of mPFC.
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Given that the BLA projects to PNs both directly and indirectly 
via PVINs, it is important to determine the net contribution of these 
synaptic inputs to overall PN output. To address this issue, blue laser 
(473 nm, 3–5 mW)-induced maximal eEPSCs were recorded in pairs 
of prelimbic mPFC layer 5 PNs and PVINs within the same brain 
slices in either sham-operated mice or spared nerve injury (SNI) 
mice, 7–10 weeks after AAV(ChR2(H134R)) injection into the BLA. 
Importantly, this approach eliminates differential viral expression 
of ChR2 between different slices or mice as a potential confound-
ing factor. The eEPSC-PVIN:eEPSC-PN ratio was increased in SNI 
mice compared with sham controls (Fig. 1f), indicating a nerve 
injury-induced strengthening of excitatory inputs into GABAergic 
interneurons, which in turn are expected to mediate enhanced 
feedforward inhibition of PNs. As layer 5 PNs integrate both excit-
atory and inhibitory input before sending output signals to other 
cortical and subcortical areas, the relative excitatory and inhibitory 
balance of these neurons is important in determining their overall 
activity. Notably, layer 5 PNs receive inputs from numerous sources, 
including GABAergic inputs from interneurons in layers 2/3 and 5 
within the prelimbic cortex11,13, the connections of which are pre-
served in slice preparations. Thus, first the synaptic strength of the 
direct glutamatergic BLA input into PNs was compared with that 
of their BLA-derived disynaptic feedforward inhibition (originat-
ing from layer 2/3 and/or layer 5 PVINs) via recording of the blue 
laser-evoked maximum eEPSCs and eIPSCs in the same layer 5 PNs. 
These experiments revealed that nerve injury causes an augmenta-
tion of inhibitory over excitatory events (Fig. 1g), thus leading to a 
potential net inhibition of mPFC output.

To further pinpoint the origin of the plasticity changes, fiber 
bundles originating from the BLA were electrically stimulated and 
recordings were conducted specifically from tdTomato-labeled 
layer 5 PVINs in mPFC slices. Compared with sham-operated 
mice, the amplitude of eEPSCs in PVINs from SNI animals was 
increased across the entire range of test intensities (Fig. 1h, left). 
Concomitantly, there were alterations in paired pulse facilitation 
in neurons from SNI animals (Fig. 1h, right). These data indicate 
that there is a nerve injury-induced increase in synaptic strength 
between BLA inputs and mPFC PVINs. Previous reports showed 
that cannabinoids play a role in controlling GABA release in the 
infralimbic cortex14 and that cannabinoid receptor type 1 (CB1) 
receptors are present on glutamatergic afferent inputs in the pre-
limbic area15,16. To determine whether altered cannabinoid signal-
ing may underlie nerve injury-induced alterations in synaptic input, 
eEPSCs in tdTomato-labeled PVINs were recorded in the absence 
and the presence of the CB1 antagonist AM281. Application of 
AM281 selectively augmented synaptic inputs in sham mice to lev-
els that were similar to those seen in SNI mice (Fig. 1i). By contrast, 
AM281 had no effect in slices from SNI animals (Fig. 1i), indicating 
that cannabinoid signaling is already weakened after nerve injury. 
Quantitative PCR and Western blot analyses revealed a down-
regulation of CB1 receptor messenger RNA (Fig. 1j) and protein  
(Fig. 1k,l) levels in the prelimbic mPFC SNI mice. The mRNA lev-
els of enzymes involved in the regulation of endocannabinoids were 
not notably altered after nerve injury, with the exception of a reduc-
tion in N-acetylphosphatidylethanolamine-hydrolyzing (NAPE)-
phospholipase D (an enzyme involved in anandamide production) 
4 weeks after injury (see Supplementary Fig. 1). Altogether, these 
data suggest that nerve injury leads to weakened endocannabinoid 
signaling in layer 5 of the mPFC, in turn causing a disinhibition of 
glutamatergic inputs into PVINs. It is possible that a similar dys-
regulation may occur in layers 2 and 3, but this was not examined 
in the present study.

Functional role of BLA–mPFC inputs in neuropathic pain. To 
ascertain whether BLA inputs into the mPFC affect pain responses, 
in  vivo optogenetic experiments were performed. Viruses were 

injected into the BLA, leading to expression of opsins in the pre-
limbic mPFC (see Fig. 1a,b and Supplementary Fig 2a,b) where they 
could be activated by an implanted optic cannula. Activation of BLA 
inputs with blue laser light (10 Hz, 5–10 mW) in mice that express 
AAV5-ChR2(H134R)-eYFP in the prelimbic mPFC (Fig. 2a)  
notably enhanced both mechanical and thermal hyperalgesia in 
SNI mice (Fig. 2b,c), but did not change the response of sham con-
trol mice (see Supplementary Fig. 3a,b). Analogous experiments 
(Fig. 2d and see Supplementary Fig. 2c,d,e) with viral delivery of 
inhibitory opsins (Acrh3.0, NpHR3.0) in the BLA revealed that 
yellow light inhibited both mechanical and thermal hyperalgesia 
in SNI mice, but had no effect in sham-operated animals (Fig. 2e,f 
and see Supplementary Fig. 3c–h). Arch3.0-mediated inhibition 
of BLA–mPFC projections also led to analgesic effects in models 
of cold allodynia (Fig. 2g) and dynamic tactile plantar allodynia 
(Fig. 2h), and reversed place escape/avoidance (PEA) responses 
to mechanical stimulation of the hindpaw in SNI mice (Fig. 2i), 
without affecting locomotor activity (see Supplementary Fig. 4). 
The PEA response is consistent with a recent report showing that 
inhibition of BLA inputs into the mPFC alters avoidance responses 
during conditioned, context–induced retrieval of morphine with-
drawal memory17. In  vivo effects of optogenetic manipulations of 
the BLA-to-mPFC inputs were further supported by c-fos staining 
(see Supplementary Fig. 5). As expected, ChR2-mediated activation 
of BLA–mPFC inputs increased c-fos expression in PVINs in layer 5 
of prelimbic mPFC, whereas Arch3.0-mediated inhibition of BLA–
mPFC inputs increased c-fos expression in PNs in the same area.

Altogether the data reveal that peripheral nerve injury alters syn-
aptic inputs from the BLA to the prelimbic mPFC, and optogenetic 
manipulation of this circuit modulates both sensory and affective 
components of pain. By contrast, although nerve injury was associated 
with increased anxiety, this was insensitive to optogenetic manipula-
tion of the BLA–mPFC projections (see Supplementary Fig. 6), indi-
cating that the observed changes in pain responses are not associated 
with a possible anxiolytic effect of BLA input manipulation.

Mapping of mPFC to PAG projections. How does altered mPFC 
output contribute to the pain neuraxis? The PAG area is an impor-
tant hub that processes pain signals in the descending pathway18,19, 
with glutamatergic and GABAergic neurons mediating opposing 
effects20. The PAG is known to receive projections from the PFC13,21–25.  
However, whether this connection regulates pain responses and 
how they process pain signals have remained unclear. Thus the 
anatomical and functional connections between the mPFC and 
the PAG were investigated together with their roles in neuropathic 
pain. First, AAV5-CaMKIIα-ChR2(H134R)-eYFP was injected into 
layer 5 of the prelimbic mPFC region and then the PAG region was 
examined for YFP expression. These experiments revealed that 
mPFC layer 5 projects predominantly to the posterior ventrolateral 
(vl) PAG region (~−4.6 to −4.8 mm from the bregma) (Fig. 3a),  
with very few terminals projecting to other parts of the PAG (see 
Supplementary Fig. 7a). Then this connection was retrogradely 
traced with injection of the cholera toxin subunit B555 (CTB555, 
Fig. 3b) and green retrobeads (see Supplementary Fig. 7b) into 
the vlPAG, revealing selective layer 5 labeling within the prelimbic 
mPFC, with these retrotracers, but scant labeling of the anterior cin-
gulate cortex, infralimbic area and orbital cortex (data not shown). 
In addition, the existence of direct mPFC–vlPAG projections was 
further confirmed by concomitant injections of AAV9-hEF1α-
DIO-synaptophysin-mCherry virus into layer 5 of the prelim-
bic mPFC and of Cav2-cre retrovirus into the vlPAG (Fig. 3c). As 
cre-dependent synaptophysin-mCherry expression can occur only 
in neurons infected by both viruses, expression of synaptophysin-
mCherry confirms the synaptic connectivity of the projections from 
layer 5 of the prelimbic mPFC to the vlPAG. To further determine 
the identity of projections from the prelimbic mPFC to the vlPAG, 
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Vglut2-cre and GAD2-cre transgenic mice were crossed with Ai9 
tdTomato reporter mice, respectively. CTB488 was injected into 
the vlPAG and it was found that the projection neurons from the 
prelimbic mPFC to the vlPAG were of glutamatergic rather than 
GABAergic origin (Fig. 3d). Furthermore, the glutamatergic pro-
jections from the mPFC were found to innervate both CaMKIIα-
positive projection neurons and GABAergic neurons in the vlPAG 
(see Supplementary Fig. 7c).

Role of mPFC–PAG connections in neuropathic pain. To deter-
mine how these glutamatergic mPFC–vlPAG projections regulate 
nociceptive responses, AAV5-CamKIIα-ChR2(H134R)-eYFP was 
injected into layer 5 of prelimbic mPFC and an optic fiber was 
implanted in the vlPAG (Fig. 4a). It was found that activation of 
glutamatergic terminals in the vlPAG with blue light (473 nm, 20 Hz 
and 5–10 mW) inhibited both mechanical allodynia and thermal 
hyperalgesia on the ipsilateral paws of SNI mice, whereas there 

was no effect on the contralateral paws or in sham-operated mice 
(Fig. 4b–e). In contrast, when virus was injected into the infralim-
bic area of the PFC, blue light stimulation in the vlPAG did not 
affect mechanical hypersensitivity (see Supplementary Fig. 8a,b). 
These data are consistent with in  vitro observations that neuro-
pathic pain states are associated with decreased neuronal activity 
in the prelimbic, but not the infralimbic, cortex of the mPFC which 
projects to the PAG7,8,13. It was also investigated whether expression 
of the inhibitory opsin NpHR3.0 in the mPFC–vlPAG projections 
could enhance pain responses. As expected, delivery of yellow light 
(589 nm, solid light, 5 mW) in the vlPAG reduced the mechanical 
threshold on the ipsilateral side of SNI mice (Fig. 4f,g), thus exac-
erbating neuropathic pain. Taken together, these data support a 
mechanism in which enhanced feedforward inhibition of PNs in the 
mPFC reduces the activity of mPFC–vlPAG projections and exacer-
bates pain responses, whereas boosting the firing of these projection 
neurons via optogenetics has analgesic properties.
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Fig. 2 | effects of optogenetic manipulation of BLA inputs into the prelimbic mPFC. a, Experimental configuration showing AAV-CaMKIIα-ChR2-eYFP 
injection into the BLA and optic cannula implantation in the prelimbic mPFC. b,c, Mechanical paw withdrawal (PW) threshold (b; P < 0.0001, F = 45.29) 
and thermal paw withdrawal latency (c; P = 0.0001, F = 11.31) of the ipsilateral paw were decreased after blue light illumination of BLA inputs in the 
prelimbic area of the mPFC in mice injected with AAV-CaMKIIα-ChR2-eYFP in the BLA. d, Experimental configuration showing AAV-CaMKIIα-Arch3/
NpHR-eYFP injection into the BLA and cannula implantation in the prelimbic area of the mPFC. e,f, Mechanical paw withdrawal threshold (e; P < 0.0001, 
F = 41.00) and thermal paw withdrawal latency (f; P < 0.0001, F = 13.58) of the ipsilateral paw were increased after yellow laser inhibition of BLA inputs in 
the prelimbic mPFC of mice injected with AAV-CaMKIIα-Arch-eYFP in the BLA. g, Effect of yellow light inhibition of BLA inputs into the prelimbic mPFC 
on nocifensive responses induced by acetone application to the hindpaw. Note that the response in the ipsilateral paw of SNI mice was reduced by Arch3 
activation, with no effect in sham mice (P = 0.0130, F = 4.833). h, Paw withdrawal responses (expressed as percentage) after lateral heel-to-toe stroking 
of the hindpaw, in the presence and absence of yellow light-mediated inhibition of BLA inputs into the prelimbic mPFC (P < 0.0001, F = 18.50). i, PEA 
experiments showing that the time animals spent in the dark side of the chamber is increased by yellow light inhibition of the BLA inputs into the prelimbic 
mPFC (P = 0.0002, F = 13.94). Contra, contralateral; Ipsi, ipsilateral. Data are presented as mean ± s.e.m. ANOVA with Newman–Keuls correction for a 
multiple comparison test was used for b,c and e–i. Numbers in parentheses reflect the numbers of mice for all panels.

NAtuRe NeuRoSCIeNCe | www.nature.com/natureneuroscience

http://www.nature.com/natureneuroscience


ArticlesNature NeuroscieNce

Signal processing of mPFC inputs into the vlPAG region. To 
determine how glutamatergic inputs from the mPFC are processed 
in the vlPAG, electrophysiological recordings were performed using 
vlPAG brain slices in PrL AAV-ChR2 injected mice (Fig. 4h,i,j). 
Optical activation of these glutamatergic inputs from the mPFC 
triggered excitatory synaptic events in both glutamatergic (Fig. 4i)  

and GABAergic (Fig. 4j) cells within the vlPAG. These were found 
to be exclusively monosynaptic because light-evoked synaptic 
events could be rescued with 4-AP after TTX treatment. Such 
light-evoked glutamatergic events were observed in approximately 
40% and 36% of glutamatergic and GABAergic cells examined in 
the vlPAG, respectively (Fig. 4k), indicating that not all cells in 
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the vlPAG receive direct inputs from the mPFC. Consistent with 
these slice electrophysiology data, in vivo optogenetic activation of 
mPFC-to-vlPAG projections resulted in an increase in c-fos expres-
sion in glutamatergic neurons within the vlPAG (see Supplementary 
Fig. 9a,c). A similar pattern was also observed in the vlPAG on opto-
genetic inhibition of BLA inputs into the mPFC (see Supplementary 

Fig. 10a,b,c), supporting the concept that further light-induced 
reduction of feedforward inhibition of mPFC outputs is transmit-
ted to the vlPAG. On the other hand, activation of glutamatergic 
projections from the mPFC to the vlPAG yielded an unexpected 
decrease in c-fos expression in GABAergic cells (see Supplementary 
Fig. 9b,d). The most salient explanation of this finding may be the 
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existence of two populations of GABAergic cells—one that receives 
direct glutamatergic inputs from the mPFC with activity that would 
be expected to increase on ChR2 stimulation, and a second group 
of cells that might receive feedforward GABAergic inhibition, thus 
accounting for an overall decrease in c-fos expression. In slice 
recordings, among 27 GABAergic cells that were tested for light-
evoked synaptic events, none showed an eIPSC (Fig. 4k), suggesting 
an absence of functional GABAA-receptors in these GABA neurons. 
However, GABAergic cells did respond with an outward current, 
and a decrease in input resistance to bath application of the GABAB-
receptor agonist baclofen (see Supplementary Fig. 11a,b,c), suggest-
ing that such a putative feedforward inhibition of GABA cells could 
potentially occur via volume transmission (see Supplementary  
Fig. 11d). However, considerable additional validation of such a 
possible mechanism is required before firm mechanistic conclu-
sions can be drawn. Suffice it to say, mPFC inputs into the vlPAG 
exert differential effects on GABAergic and glutamatergic cells.

To further examine changes in neuronal activity within the vlPAG 
in vivo in real time, the activity of GABAergic cells was investigated 
in freely moving nerve-injured mice using fiber photometry (Fig. 4l).  
GCaMP6f and tdTomato were bicistronically and selectively 
expressed in GABAergic vlPAG neurons using GAD2-cre mice, in 
which Arch3.0 was separately expressed in the BLA-to-mPFC pro-
jections (see Supplementary Fig. 12a,b). Bulk fluorescence, a mea-
sure of population activity, was monitored in response to hindpaw 
stimulation with a von Frey filament. As shown in Fig. 4m–o, stimu-
lation of the hindpaw triggered time-locked transient increases in 
calcium fluorescence in vlPAG GABAergic cells. Concomitant opto-
genetic inhibition of BLA–mPFC inputs (which boosts mPFC out-
put to the vlPAG; see Supplementary Fig. 10) led to a reduction in 
evoked calcium transients in the vlPAG, which is consistent with the 
reduction in c-fos staining of GABAergic cells (see Supplementary 
Fig. 9b,d). These data are important in that they provide direct real-
time confirmation of activity changes in the vlPAG that are induced 
by alteration of upstream BLA inputs into the mPFC.

Ablation of mPFC inputs into the vlPAG. To rule out the pos-
sibility that the analgesic effects of inhibiting BLA inputs into the 
mPFC might involve other (parallel) pathways, projections within 
this pathway were selectively ablated using dual injection of AAV-
mCherry-flex-dtA and Cav2-cre virus. This leads to expression 
of diphtheria toxin subunit A (dtA) only in neurons connecting 
the two injected brain regions, and thus their ablation. SNI mice 
expressing Arch3.0 in the BLA-to-mPFC projections were injected 
with AAV-mCherry-flex-dtA in the prelimbic mPFC and Cav2-cre 
virus in the vlPAG, and then a fiberoptic cannula was implanted in 
the prelimbic mPFC (Fig. 5a). This procedure greatly decreased the 
numbers of neurons in layer 5 of the prelimbic mPFC (Fig. 5b,c) 
and prevented the analgesic effects of inhibiting BLA–mPFC inputs 
(Fig. 5d), indicating that the mPFC–vlPAG projection is a neces-
sary downstream pathway for the control of pain responses by the 
BLA–mPFC.

Link between BLA–mPFC–PAG connections and descending  
modulation of pain. The PAG is known to be an important relay 
station for descending modulation of pain through projections 
to the spinal cord via the rostroventral medulla (RVM) and the  
locus coeruleus (LC)19. Injection of retrotracers into these two 
brain structures, followed by an analysis of vlPAG slices, revealed 
that the vlPAG sends GABAergic and glutamatergic projections 
to both the LC (see Supplementary Fig. 12c,d) and the RVM (see 
Supplementary Fig. 12e,f). The dtA-mediated ablation of either 
the projections from the vlPAG to the LC or those from the vlPAG 
to the RVM prevented the analgesic effects associated with opto-
genetic inhibition of BLA–mPFC inputs (Fig. 5d), indicating that 
both pathways are required for top-down control of neuropathic 

pain responses by the mPFC. It was noted that a bifurcation of pain 
signals from the PAG to the LC and RVM has also been implicated 
in opioid analgesia26.

The RVM and LC are known to send descending serotoninergic 
and nordadrenergic projections to the spinal cord, respectively27. 
To ascertain how these pathways are involved in the BLA-mediated 
modulation of pain signals, optogenetics was combined with in vivo 
pharmacology (Fig. 5e). AAV-Arch3.0 was injected into the BLA 
and a fiberoptic cannula was implanted into the prelimbic mPFC of 
SNI mice, as described above. The mechanical withdrawal thresh-
old was measured in the absence and presence of Arch3.0-mediated 
inhibition of BLA-to-mPFC inputs. These paradigms were then 
repeated after intrathecal delivery of vehicle, the serotonin (5-HT3) 
receptor antagonist ondansetron, the 5HT1/2-receptor antagonist 
metergoline, or the α2A-adrenergic-receptor antagonist BRL-44408 
at effective doses that were determined in a separate series of in vivo 
dose–response experiments (not shown). As clearly evident from 
the data presented in Fig. 5f, neither intrathecal delivery of vehicle 
nor blocking of 5-HT3 receptors could prevent the analgesic effects 
of yellow light-mediated inhibition of BLA–mPFC projections.  
In contrast, blocking of either 5HT1/2- or α2A-adrenergic receptors 
abolished the effects of inhibiting BLA-to-mPFC inputs, consistent 
with the ablation experiments described above. None of the com-
pounds affected hyperalgesia of SNI mice in conditions in which the 
BLA–mPFC pathway was not optogenetically inhibited to boost the 
mPFC-to-vlPAG inputs (see Supplementary Fig. 13). This altogether 
suggests a loss of serotoninergic and adrenergic control during neu-
ropathic states, which precludes further pro-nociceptive effects by 
5HT1/2- or α2A-adrenergic-receptor antagonists. Finally, as an addi-
tional line of evidence, and consistent with the pharmacological 
studies, ablation of noradrenergic descending projections with intra-
thecally delivered N-(2-chloroethyl)-N-ethyl-2-bromobenzylamine 
(DSP4) also extinguished the analgesia produced by yellow light 
in the prelimbic mPFC (Fig. 5f, and see Supplementary Fig. 14).  
It was acknowledged that DSP4 may ablate noradrenergic projec-
tions originating from other brainstem regions that may contribute 
to descending modulation28. However, the observation that deletion 
of vlPAG-to-LC projections fully prevented the analgesic effects of 
inhibiting BLA-to-mPFC inputs suggests that yellow light modula-
tion in the mPFC does not engage DSP4-sensitive pathways other 
than the LC in these optogenetic experiments. Collectively, the data 
of the present study thus indicate that BLA inputs regulate neuro-
pathic pain by altering the top-down control of the mPFC over par-
allel descending pain pathways via vlPAG.

Discussion
The processing of pain signals in the brain is immensely complex, 
and involves both sensory and affective components. Many brain 
regions, including the thalamus29, anterior cingulate cortex30,31 and 
PFC1,32 have been implicated in processing pain-related informa-
tion. These regions interact with brain structures that are involved 
in pathologies such as anxiety, reward seeking and depression, thus 
further complicating the analysis of brain circuits that process pain-
related information33,34. In the present study the functional connec-
tomics of a linear circuit have been described that is involved in the 
development of neuropathic pain. The data reveal that peripheral 
nerve injury leads to a selective augmentation of BLA inputs into 
GABAergic interneurons in the prelimbic area of the PFC as a result 
of weakened endocannabinoid signaling. Indeed, the strengthening 
of these synaptic inputs can be observed in PFC slices that contain 
the axonal tracts, indicating that this dysregulation resides within 
the PFC itself and is supported by the overall reduction in CB1-
receptor expression in this region. Although quantitative PCR and 
western blot analyses do not allow determination of whether CB1-
receptor density is decreased in specific BLA-originating presyn-
aptic terminals, the electrophysiological analysis is consistent with 
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such a mechanism. A role for the mPFC cannabinoid system in neu-
ropathic pain is supported by a recent study showing that sublingual 
administration of the CB1 agonist δ9-tetrahydrocannabinol medi-
ated analgesia by reducing the connectivity of the dlPFC (the equiv-
alent of which is the mPFC in rodents) and chronic pain network 
components in neuropathic pain patients35. The selective strength-
ening of glutamatergic inputs into PVINs leads to an overall inhi-
bition of layer 5 pyramidal cell output toward the vlPAG. Within 
the vlPAG, this leads to reduced activity of glutamatergic neurons 
and increased activity of GABAergic neurons. Increased inhibition 
together with less excitation is expected to reduce serotoninergic 
and noradrenergic output from the RVM and LC to the spinal dorsal 
horn, respectively, thus leading to compromised descending modu-
lation of ascending nociceptive inputs (see Supplementary Fig. 15). 
It is possible that the loss of descending adrenergic modulation 

could give rise to a progressive cycle in which increased inputs into 
the BLA sustain a tonic inhibition of mPFC function. Specific opto-
genetic inhibition of BLA inputs into the mPFC weakens the feed-
forward inhibition, thus boosting mPFC inputs into the vlPAG and 
its downstream projections to the RVM, LC and spinal cord, culmi-
nating in analgesia. Ablation experiments of the mPFC-to-vlPAG 
projections, and the downstream ablation between vlPAG and LC 
or RVM fully prevented the analgesic effects of optogenetic modula-
tion of the BLA-to-mPFC input, suggesting that BLA inputs into the 
mPFC do not modulate pain behavior through mPFC-originating 
pathways that bypass the vlPAG. It is interesting to reiterate that 
these analgesic effects required the functionality of both branches 
of the descending pathway, as if the neuronal circuitry within the 
spinal cord acted as a coincidence detector for both serotoniner-
gic and noradrenergic inputs. Additional work will be required to 
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determine whether blockers of GABAergic, opioidergic or glyciner-
gic signaling in the spinal cord are also effective in interfering with 
yellow light-mediated modulation of BLA–mPFC inputs.

Altogether, the data presented in the present study constitute 
an in-depth analysis of the functional connectomics of the BLA–
mPFC–PAG–spinal cord pathway, and establish a causal link 
between the dysregulation of this circuit and sensory and affec-
tive components of pain. How this pathway interacts with other 
brain structures involved in the regulation of pain signals will be an 
important area of future research, and it will be important to deter-
mine how the pathway examined in the present study interacts with 
other circuits involved in the cortical modulation of pain signals. 
Furthermore, it is fully acknowledged that other pathways such as 
anterior cingulate cortex–spinal cord and S1/S2–spinal cord con-
nections contribute to the processing of neuropathic pain signals36,37 
and may play an important role in descending pain modulation; it 
is possible that different pathways are engaged in different types of 
acute and chronic pain states. Nevertheless, it must be noted that 
the present findings are consistent with observations that enhanced 
BLA inputs into the mPFC have been associated with pain-related 
cognitive deficits in a rat model of arthritis38. Moreover, two recent 
human functional magnetic resonance imaging studies showed a 
communication of pain signals between the PFC and the PAG39,40, 
thus supporting the relevance of these findings beyond the rodent 
brain. In this context, the present data hint at possible strategies 
for combatting mechanical allodynia and thermal hyperalgesia 
in neuropathic pain sufferers via noninvasive modulation of the  
BLA–mPFC–vlPAG neuraxis.
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Methods
Animals. Animal experiments were approved by the Animal Care Committee 
of the University of Calgary. Male C57BL/6J wild-type and transgenic mice were 
purchased from Jackson laboratories. Cre transgenic mice (PV-cre: B6;129P2-
Pvalbtm1(cre)Arbr/J, Vglut2-cre: Slc17a6tm2(cre)Lowl/J and GAD2-cre: Gad2tm2(cre)Zjh/J) were 
crossed with tdTomato reporter mice (Ai9: B6.Cg-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J) 
for labeling of parvalbumin, glutamatergic and GABAergic neurons, respectively, 
in imaging and brain-slice (mPFC and vlPAG) electrophysiological recordings. 
Mice were kept on a 12-h light/dark cycle (lights on at 7am) in a holding room kept 
at a temperature of 23 ± 1 °C; food and water were freely available.

Electrophysiology. Acute coronal forebrain slices (300 μm) containing prelimbic 
mPFC or coronal brainstem slices (260 μm) containing the vlPAG were obtained 
from C57BL/6J or transgenic mice. Briefly, coronal sections were cut using a 
Vibratome (Leica VT1200S, Leica Biosystems) in an ice-cold sucrose- or N-methyl-
d-glucamine-based solution. Brain slices were first incubated at 33.5 °C for 50 min, 
then transferred to room temperature in normal external solution for at least 
1 h before recording. Whole-cell patch clamp recordings were performed using 
MultiClamp 700B and Digidata 1440 A (Molecular Devices). Normal external 
solution contained (mM): NaCl 120, NaH2PO4 1.25, NaHCO3 26, glucose 25, 
CaCl2 2.5, KCl 2.5, MgSO4·7H2O 1.3. The intracellular solution for current clamp 
was potassium gluconate based, and the solution for voltage clamp was cesium 
methanesulfonate based (supplemented with 5 mM QX314). For eEPSC and 
eIPSC recordings, Vh was held at –70 mV (calculated from Cl– reversal potential) 
and 0 mV (reversal potential for EPSC), respectively. TTX (1 μM) was used to 
block action potential-based synaptic transmission. Both TTX (1 μM) and 4-AP 
(100 μM) were used to re-establish monosynaptic transmission under blue light. 
The eEPSC recordings in Fig. 1h,i were performed without GABA blockers in 
the extracellular solution. The recorded eEPSCs in these experiments had short 
constant latency with low jitters, and followed 20-Hz stimulation (not shown), 
indicating the monosynaptic nature of these eEPSCs. To record both eEPSCs 
and disynaptic eIPSCs in the prelimbic area of the mPFC in Fig. 1g, GABA 
blockers were not typically used, but bicuculline methiodide (10 μM) was added 
in the extracellular solution in experiments shown in Fig. 1f. For experiments in 
Figs 1d,e and 4h,i,j,k, both TTX and 4-AP were used to restore glutamatergic, 
monosynaptic, evoked current9. In some experiments eEPSCs were verified using 
6,7-dinitroquinoxaline-2,3-dione (DNQX, 10 μM) and AP5 (50 μM), added in 
extracellular solution at the end of recording. For experiments in Supplementary 
Fig. 11a, b, DNQX (20 μM), AP5 (50 μM) and bicuculline (10 μM) were added to 
the extracellular solution. Mice injected with AAV5-CamKIIα-ChR2-eYFP virus 
in the BLA (mPFC slice recording) or in the prelimbic area of mPFC (vlPAG slice 
recording) were allowed to express ChR2 in the axon terminal area (PrL or vlPAG, 
respectively) for at least 8–10 weeks before brain slice recording. Both diode-
pumped solid-state (DPSS) lasers (Laserglow Technologies) and light-emitting 
diodes (LEDs; Thorlabs) were used to illuminate brain slices for recording. The 
recording temperature was 33 ± 1 °C. All chemicals were purchased from  
Tocris or Sigma.

Stereotaxic surgeries and injections. Mice (~8 weeks old) were anesthetized with 
isoflurane (4–5% for induction, 1.5–2.0% for maintenance) in a stereotaxic frame 
(Stoelting). Viral titers of adeno-associated virus (AAV) vectors were between 
2 × 1012 and 9.9 × 1012 viral genomes per milliliter. To express opsins in brain areas 
of interest, AAV5-CaMKIIα-ChR2 (H134R)-eYFP (500–650 nl), AAV5-CaMKIIα-
Arch3.0-eYFP (500–600 nl) or AAV5-CaMKIIα-NpHR3.0-eYFP (500–600 nl) was 
injected using an automatic nanoliter injector (Nanoject II, Drummond Scientific) 
positioned into the prelimbic area of the PFC (anteroposterior (AP) +1.8–1.9 mm; 
right (R) −0.5 mm; dorsoventral (DV) −2.1 mm), BLA (AP −1.3 mm; R −3.4 mm; 
DV −4.9 mm) or infralimbic PFC (AP +1.9 mm; R −0.5 mm; DV −2.5-2.6 mm). 
In some cases the AAV8 serotype was used in place of AAV5, with identical 
results. To retrogradely trace the PFC–PAG long projection, cholera toxin subunit 
B (0.1%, w/v, 500-600 nl, CTB488 and CTB555, Thermo Fisher Scientific) or 
retrobeads (100–150 nl, Lumafluor Inc.) were injected into the vlPAG (AP −4.6-
4.7 mm; R −0.5 mm; DV −3.3 mm) and allowed 5–7 d for sufficient retrograde 
transport41,42. To map the vlPAG–LC and vlPAG–RVM projections, CTB488 (0.1%, 
w/v, 600 nl) was injected into the LC (AP −5.4 mm; R −0.9 mm; DV −4.0 mm) 
and RVM (AP −5.8 mm; R 0 mm; DV −6.2 mm), respectively. To further confirm 
the selective projection from the prelimbic mPFC to the vlPAG, AAV9-hEF1α-
DIO-synaptophysin-mCherry virus (200 nl) was injected into the prelimbic mPFC 
(AP +1.9 mm; R −0.5 mm; DV −2.2 mm) and Cav2-cre virus (100–150 nl)43 was 
injected into the vlPAG (AP −4.6–4.7 mm; R −0.5 mm; DV −3.3 mm).

AAV-ChR2, AAV-Arch3.0 and AAV-NpHR3.0 viruses were obtained from 
either the Deisseroth lab or the University of North Carolina Vector Core. Cav2-cre 
virus was obtained from Dr E. J. Kremer (Montpellier, France) and AAV9-hEF1α-
synaptophysin-mCherry virus was obtained from Dr R. L. Neve (Massachusetts 
Institute of Technology, Cambridge, MA, USA). Injections were performed using 
a digital stereotaxic frame with a glass capillary. The viral suspensions, CTB 
or retrobeads were delivered at 50 nl min–1. After completing the injection, the 
injection capillary remained in position for 5 min and then was raised 100 μm 
with an additional 10 min wait to allow for the virus/CTB/retrobeads to diffuse 

at the injection site, and then the glass needle was slowly withdrawn. Viruses 
were allowed to express themselves for at least 6–8 weeks before optogenetic 
manipulation. For projection tracing, the numbers of mice given in the figure 
captions reflect successful repetitions. There were cases in which projections could 
not be detected in the target area (for example, due to off-target injections of 
viruses or retrograde tracers) and data from such animals are not included in these 
totals. For Fig. 1b, additional successful BLA-to-mPFC projections were visually 
observed during mPFC slice recordings, but not included in the total numbers of 
mice because no images were acquired.

SNI surgeries. Surgeries were performed on 7-week-old, wild-type (C57BL/6J) 
or transgenic mice as previously described44. Briefly, under isoflurane anesthesia 
a 0.5-cm skin incision was made on the left thigh to expose the three branches of 
the sciatic nerve (that is, common peroneal, tibial and sural nerves). Common 
peroneal and tibial nerves were tightly ligated with a 6/0 silk suture (Ethicon) and 
transected together. A 1-mm piece of the nerves was removed. Precaution was 
taken to avoid damage to the sural nerve. After surgery, the overlaying muscles 
and skin were separately closed with 6/0 silk and 4/0 Vicryl sutures, respectively. 
After surgery animals were placed in a new cage for recovery for at least 10–12 d 
before further brain cannula implantation or brain slices recordings. In sham-
operated animals, exactly the same procedure was performed but without ligation 
and transection of the nerves. Most of the SNI mice displayed neuropathic pain 
response (reduced thermal withdrawal latency and mechanical threshold) 10–14 d 
after SNI surgery. Animals that did not exhibit neuropathic phenotype after 14 d 
were discarded without further experiments. Baseline measurements were taken 
before the surgeries.

Optogenetic manipulation and in vivo testing. For optogenetic manipulation,  
a fiberoptic cannula (2.5 mm ceramic ferrule, 2.0 mm length for the prelimbic 
mPFC and 4.0 mm length for the vlPAG, Thorlabs), with core diameter 200 µm, 
0.39 numerical aperture (NA) fiber, was implanted into the right PFC (A: +1.9 mm; 
R −0.5 mm; DV −2.1 mm) or right vlPAG (AP −4.6-4.7 mm; R −0.5 mm;  
DV −3.3 mm) 10 d after virus injection. For sensory pain analysis, testing was 
carried out between 7 and 8 weeks after virus injections. Thermal withdrawal 
latency and mechanical withdrawal threshold were measured with a Hargreave’s 
Apparatus and a Dynamic Plantar Aesthesiometer (Ugo Basile), respectively. Mice 
were placed individually in Plexiglass chambers on top of a glass platform or a 
grid floor, and allowed to habituate for at least 90 min before testing. Mice were 
then tested at the ipsilateral hindpaws (nerve-injured side) and contralateral paws 
before light stimulation. After 30 min, mice were stimulated with blue or yellow 
light, beginning 3 min before pain assessments and with constant stimulation 
until the end of the testing session. Mechanical thresholds or thermal latencies 
were measured three times for each mouse. DPSS lasers (blue 473 nm and yellow 
589 nm; Laserglow Technologies) with 5–15 mW at the fiber tip (S130C power 
sensor, Thorlabs) were used for all the behavioral testing.

Acetone evaporation test for cold allodynia. The acetone evaporation test was 
performed as previously described, but with minor modifications45. Acetone 20 µl 
was applied to the plantar surface of the left hindpaw using a 0.5-ml syringe. 
Mice were divided into four different groups: sham (light OFF), sham (light ON), 
SNI (light OFF) and SNI (light ON) and observed for 1 min after the acetone 
application. Nocifensive behavior (withdrawal, licking, flinching) was considered 
to be a positive response and quantified with a chronometer. Each paw was tested 
only once and the total duration of nocifensive responses recorded.

Dynamic tactile allodynia. Dynamic tactile allodynia testing was performed 
between 7 and 8 weeks after virus injection and assessed by lightly stroking the 
lateral external side of the surface of the injured hindpaw, in the direction from 
heel to toe with a von Frey monofilament (0.4 g) without bending the filament. 
After acclimatizing the mice for about 90 min in the observation chambers on top 
of a grid mesh, both contralateral and ipsilateral paws were tested 10 times, with 
intervals of 10–15 s, and the percentage of withdrawal for each paw was considered 
as the pain response. Mice were tested before opto-light stimulation (light OFF) 
and after 45 min they were stimulated with yellow light on (light ON) for 3 min and 
both hindpaws were tested.

Open field test for anxiety and locomotor activity. An open field test was 
used to access anxiety-related behavior and locomotor activity. The apparatus 
consists of a wooden box measuring 40 × 60 × 50 cm3 with a frontal glass wall46. 
The floor of the arena is divided into 12 equal squares and placed in a sound-free 
room. Animals were placed in the rear left square and allowed to explore freely 
for 6 min. Crossings reflect the number of grid lines that were crossed with all 
paws (crossing). Normalized data (periphery/center ratio) reflect anxiety-related 
behavior. The apparatus was cleaned with a 70% alcohol solution and dried after 
each individual mouse session.

PEA paradigm. A PEA paradigm was used to assess affective pain behavior. Mice 
were assessed for the time spent in the dark and bright sides of a rectangular 
enclosure (length × width × height: 65 × 21 × 30 cm3, with one side of the walls 
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painted dark and the other side painted white), placed on top of a grid floor 
platform. Under normal conditions, the mice spend most of their time in the dark 
side. On stimulation of the ipsilateral paw with a von Frey filament (0.4 g) while at 
the dark side, the mice displayed PEA behavior (that is, moving to the bright side) 
which was exacerbated by peripheral nerve injury.

Fiber photometry in vivo recording. GAD2-cre: Gad2tm2(cre)Zjh/J) mice (~8 weeks 
old) were used. For in vivo recording, AAV5-CaMKIIα-Arch3.0-eYFP (500–600 nl) 
and AAV-EF1a-DIO-GCaMP6f-P2A-nls-tdTomato (600 nl) were injected into the 
BLA (AP −1.3 mm; R −3.4 mm; DV −4.9 mm) and vlPAG (AP −4.6 mm,  
R −0.5 mm, DV −3.3 mm), respectively. SNI surgery was performed ~2 weeks 
after virus injection. Fiberoptic calcium-recording cannulas were implanted in the 
prelimbic area of the PFC (AP +1.9 mm; R −0.5 mm; DV −2.1 mm) for yellow laser 
stimulation and into the vlPAG (AP −4.6 mm; R −0.5 mm; DV −3.3 mm) ~6 weeks 
after virus injection, with 2.0-mm (200 μm core, 0.39 NA, ceramic ferrule) and 
5.0-mm length fibers (400 μm core, 0.39 NA, SS ferrule) (Thorlabs), respectively. 
In vivo recording was performed ~8 weeks after virus injection. GCaMP6f virus 
was purchased from Addgene.

Mice were habituated for 3 d before fiber photometry. The photometry 
recording consisted of four sessions totaling 20 min: 5 min recording with light 
off and no stimulation, 5 min recording with light off but with 0.4 g von Frey 
stimulation, 5 min recording with yellow light but no von Frey stimulation, and 
5 min recording with both yellow light and von Frey stimulation. The injured 
hindpaw was stimulated by a von Frey filament (0.4 g) every 30 s ten times. 
Calcium signals for the bulk fluorescence signals were acquired and analyzed with 
custom-written MATLAB software. Corrections for bleaching and motion were 
conducted before analysis. The calcium signals were recorded with two LED lights 
at 405 nm and 465 nm (30 μW, Doric)47. The 405 channel was used as the control 
channel and change in fluorescence (ΔF) was calculated as (465-nm signal − fitted 
405-nm signal), and ΔF/F was calculated by dividing each point in ΔF by the  
405-nm curve at that time point. A 6-s window around the von Frey stimulation 
point was analyzed, with the period −3 s before stimulus onset taken as baseline. 
The Z-score of a population of neurons was calculated using the formula: 
Z = (x − �x

I
)/s.d. (where x = ΔF/F and �x

I
 = mean of ΔF/F for baseline)

Ablation of projections. Male C57 mice (~8 weeks old) were used in these  
studies. For PFC–vlPAG ablation, AAV5-CaMKIIα-Arch3.0-eYFP (600 nl),  
AAV-mCherry-flex-dtA (600 nl) and Cav2-cre virus (200 nl) were injected into  
the BLA (AP −1.3 mm; R −3.4 mm; DV −4.9 mm), the prelimbic area of the  
PFC (AP +1.9 mm; R −0.5 mm; DV: −2.1 mm) and the vlPAG (AP −4.6 mm;  
R −0.5 mm; DV −3.3 mm), respectively. SNI surgery was performed at ~2 weeks 
and cannula fibers were implanted in the prelimbic area of the PFC (AP +1.9 mm; 
R −0.5 mm; DV −2.1 mm) ~6 weeks after virus injection. Mechanical paw 
withdrawal threshold was tested ~8 weeks after virus injection with and without 
optogenetic manipulation of the PFC–vlPAG projection. Similarly, for vlPAG–LC 
and vlPAG–RVM ablation, AAV5-CaMKIIα-Arch3.0-eYFP (600 nl) and  
AAV-mCherry-flex-dtA (600 nl) were injected into the BLA (AP −1.3 mm;  
R −3.4 mm; DV −4.9 mm) and vlPAG (AP −4.6 mm; R −0.5 mm; DV −3.3 mm), 
respectively. Cav2-cre virus (200 nl) was injected into the LC (AP −5.4 mm;  
R −0.9 mm; DV −3.9-4.0 mm) or the RVM (AP −5.8 mm; R 0 or −0.1 mm; DV 
5.9–6.2 mm). Optic fibers were implanted in the vlPAG (AP −4.6 mm; R −0.5 mm; 
DV −3.3 mm). Mechanical allodynia was measured ~8 weeks after virus injection.

For ablation of descending noradrenergic projections to the spinal cord, 
conscious mice were treated with 10 µl DSP4 (50 μg, intrathecally) or vehicle 
(phosphate-buffered saline (PBS), 10 µl, intrathecally), delivered over a period 
of 10–15 s per session, 2 weeks before measurements of mechanical withdrawal 
thresholds with and without optogenetic inhibition of BLA-to-mPFC inputs (AAV-
Arch3.0 virus was injected into the BLA 7–8 weeks before these experiments). 
Briefly, mouse furs were shaved and they were manually restrained, then a 27-g 
half-needle attached to a PE20 poly(ethylene) tube connected to a 50-µl Hamilton 
microsyringe was inserted into the subarachnoid space between the L4 and L5 
vertebrae. Mice were allowed to acclimatize for about 90 min in the observation 
chambers, and subsequently had the ipsilateral hindpaws tested before opto-light 
stimulation (light OFF). Some 45 min after the pre-opto-stimulation, mice were 
then stimulated with yellow light (light ON) and mechanical withdrawal thresholds 
were taken again.

Combined in vivo pharmacology and optogenetic stimulation. For assessments 
of mechanical withdrawal thresholds of mice injected intrathecally with antagonists 
and opto-stimulation, testing was also carried out between 7 and 8 weeks after BLA 
AAV-Arch3.0 virus injection. At the testing day, mice were placed individually 
in observation chambers on top of a grid platform to acclimatize for about 
90 min, where they would subsequently have the ipsilateral hindpaws tested 
before opto-light stimulation and drug treatment. Some 30 min after the pre-drug 
delivery and opto-stimulation test, they received an intrathecal injection of PBS, 
ondansetron, metergoline or BRL-44408. Intrathecal injections were performed 
in fully conscious mice over a period of 10 s as routinely performed in the lab44. 
After 15 min of intrathecal injections, mice were then stimulated with yellow light 
and mechanical withdrawal thresholds were taken. The 15-min time point and the 

effective doses of antagonists were selected based on the ability of such compounds 
to reverse analgesia produced by selective agonists observed in a separate series of 
experiments (not shown).

SYBR Green quantitative real-time PCR. Fresh prelimbic PFC tissues were taken 
from SNI/sham mice 2 and 4 weeks after surgery. Tissues were homogenized in ice-
cold TRI Reagents to extract total RNA from the samples as previously described48. 
The primer sequences were as follows: ACCCGCGAGCACAG CTTCT 
(forward) and GCCTCGTCACCCACATAGGAGTCC (reverse) for β-actin, 
TCCGGATGCTGGAGTATTA (forward) and CAGGTTCATGTAGGACGAAG 
(reverse) for CB1, GAA GGAGCCACCGCGTTTTTA (forward) and 
TCGGCGAGAAGTTGTATTCC T (reverse) for NAPE-phospholipase  
D, CAGTGATGGTGGCTGCTCTT (forward) and GCCAGCCGA 
GGAAACAGAG (reverse) for fatty acid amide hydrolase, GCAGTGTCAGGAG 
CAAGTCT (forward) and ACAGCAGCAGAA GCTCTACG (reverse) for 
diacylglycerol lipase, and ACAAGTCGGAGGGTTCTGCT (forward) and 
GAGGAC GTGATAGGCACCTT(reverse) for monoacylglycerol lipase. The oligos 
were synthesized by the University of Calgary Core DNA service. RNA 250 ng 
was reverse transcribed using SuperScript IV Reverse Transcriptase (catalog 
no. 18090050, Life Technologies) following the manufacturer’s instructions. 
Complementary DNA synthesis was conducted at 23 °C for 10 min to extend 
primers, 53 °C for 10 min to synthesize cDNA and 80 °C for 10 min to inactivate 
the reaction. The cDNA samples were amplified using Fast SYBR Green Master 
Mix (catalog no. 4385612, Thermo Fisher Scientific) using Applied Biosystems 
QuantStudio 3 (Thermo Fisher Scientific). The PCR reaction started at 95 °C for 
20 s to activate AmpliTaq Fast DNA polymerase, followed by 40 cycles at 95 °C 
for 3 s to denature and 60 °C for 30 s to extend the cDNA templates. The mRNA 
expression levels were normalized to β-actin.

Western blot analysis. Prelimbic PFC tissue from sham and SNI mice was 
homogenized in modified radioimmunoprecipitation buffer (in mM: Tris 50, 
NaCl 150, ethylenediaminetetraacetic acid 5, 1% Triton-X, 1% NP-40, 0.2% 
sodium dodecylsulfate, pH 7.4) containing protease inhibitors. Homogenates 
were centrifuged at 16,000g for 15 min at 4 °C and supernatant protein quantified 
using the Bio-Rad protein assay dye. Homogenates, 100 µg, were resolved by 
sodium dodecylsulfate/polyacrylamine gel electrophoresis and transferred to a 
polyvinylidene fluoride membrane. The membrane was blocked using 3% bovine 
serum albumin in Tris-buffered saline (containing 0.1% Tween 20) for 1 h at 
room temperature and analyzed by western blotting using anti-CB1 receptor 
(rabbit, 1:250, Abcam, ab23703) with ECL anti-rabbit immunoglobulin (Ig)G, 
horse radish peroxidase-linked whole antibody (donkey, 1:5,000, GE Healthcare, 
catalog no. NA934) and anti-tubulin (mouse, 1:5,000, Abcam, ab7291) with 
peroxidase-conjugated, affinity, sheep anti-mouse Ig(heavy + light) (Ig(H+L) 
(1:5,000, Jackson ImmunoResearch, catalog no. 515-035-003). Blots were 
quantified using ImageJ.

Immunohistochemistry. Staining with c-fos was used to assess the effect of 
in vivo optogenetic manipulations on neuronal activity in the PFC and PAG. 
Mice were stimulated with blue or yellow light for 10 min. They were then 
transcardially perfused with 0.1 M PBS and 4% paraformaldehyde in PBS 
about 90 min after light stimulation. Brains were removed and fixed in 4% 
paraformaldehyde for 2 h and then transferred to 30% sucrose at 4 °C overnight. 
Coronal sections (30 μm) of the PFC and PAG were collected using a cryostat 
(Leica CM3050 S) and immunohistochemistry was performed. Briefly, sections 
were washed five times and were permeabilized with 0.3% Triton-X for 1 h. Then 
sections were blocked with 5% normal goat serum and 2% bovine serum albumin 
in PBS for 2 h. The brain sections were then incubated with anti-c-fos antibody 
(rabbit, 1:1,000, abcam, ab190289; rabbit, 1:400, SantaCruz, sc-52), anti-CaMKIIα 
(mouse, 1:100, Thermo Fisher Scientific, MA1-048), anti-GAD67 (mouse, 
1:100, abcam, ab26116), anti-tyrosine hydroxylase (mouse, 1:1,000, Sigma-
Aldrich, T1299) and anti-parvalbumin (mouse, 1:2,000, Millipore, MAB1572) 
at 4 °C overnight. Alexa Fluor 488 donkey anti-mouse (1:400, Life Technologies, 
A21202), Alexa Fluor 546 goat anti-rabbit (1:400, Life Technologies, A11035), 
Alexa Fluor 546 goat anti-mouse (1:1,000, Invitrogen, A11030) and Alexa Fluor 
633 goat anti-mouse (1:400, Invitrogen, A21050, shown in green color in the 
figures) were incubated at room temperature for 2 h. Images were visualized 
using a 40 × 0.4 NA or 20 × 0.75 NA objective lens on a Zeiss LSM 510 META 
and ConfoCor systems, running Velocity 6 and 20 × 0.75 NA or 10 × 0.4 NA 
objective lens on a Leica TCS SP8. For some of the tracing experiments, whole 
brain sections were stained with DAPI (1:10,000) and were scanned using a slide 
scanner (Olympus, System VS110, Model BX61VSF). For each mouse, the data 
from the various sections were averaged and the mean ± s.e.m. calculated for 
groups of mice.

Randomization, blinding and data exclusion. For electrophysiology, animals 
were randomly assigned to each day’s experiments by alternating sham and SNI 
each day. Mice were randomly assigned to light or no light stimulation, drug 
delivery, and SNI or sham for in vivo experiments. Blinding between SNI and 
sham conditions was conducted for a subset of behavioral experiments involving 
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optogenetic studies of the BLA–PFC projection and ablation experiments. There 
are two limitations to the effectiveness of blinding: first, during optogenetics, the 
experimenter can easily see whether the laser is ON or OFF. Second, after SNI, 
mice often display alterations in gait due to neuropathic pain. The inability to blind 
these studies fully is mitigated by the fact that mechanical and thermal withdrawal 
thresholds and latencies are determined in an automated fashion (that is, with a 
digital aesthesiometer) and results were replicated across several cohorts conducted 
by different investigators. Criteria for data exclusion are described in the Reporting 
Summary accompanying this manuscript.

Statistical analysis. Data were analyzed with GraphPad Instat v.3.0, Graphpad 
Prism v.6.0, Synaptosoft and Clampfit (Axon pClamp software v.10.3), ImageJ and 
Matlab software, and data are presented as the mean ± s.e.m. Data for miniature 
ESPCs (mEPSCs) or eEPSCs were analyzed using the Mini Analysis Program 
(Synaptosoft) and Clampfit (Molecular Devices). Paired or unpaired Student’s 
t-tests and one-way analysis of variance (ANOVA), followed by Newman–Keuls 
multiple comparison tests, were used for comparison of electrophysiological data. 
One-way ANOVA, followed by Tukey’s multiple comparison test, was used for 
analysis of western blot data. Animal behavioral data were analyzed by one- or 
two-way ANOVA followed by Bonferroni’s post-hoc corrections, Newman–Keuls 
multiple comparison test or two-tailed, paired or unpaired, Student‘s t-tests. 
For immunofluorescence analysis, data were analyzed using one-way ANOVA 
with Bonferroni’s post-hoc correction or unpaired Student’s t-tests. Statistical 
significance was accepted at the level of P < 0.05 with asterisks in figures denoting 
P values as follows: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. No statistical 
methods were used to predetermine sample sizes, but our sample sizes are similar 
to those reported in previous publications7,29,37,41. Data distribution was assumed to 
be normal but this was not formally tested in all cases.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
Data for analysis of in vivo calcium measurements will be made available upon 
reasonable request. The data that support the findings of this study are available 
from the corresponding author upon request.

Code availability
The code for analysis of in vivo calcium measurements will be made available upon 
reasonable request. 
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The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
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Life sciences study design
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Sample size We didn't use statistical methods to predetermine the sample size, but our study used similar sample sizes to previously studies in behavior  
neuroscience field (PMID: 26212331,PMID: 7695716,PMID: 30209395,PMID: 25600269 ).

Data exclusions 1) In electrophysiology recordings, any cells with the following properties were excluded, with established a priori based on standard practice  
in this field: a leak current more than -150 pA, or  a membrane potential more positive than -50 mV, or a series resistance more than 20 M  
ohms after series resistance compensation, or with a 20% increase at the end of the experiments were excluded.  2) As stated in the methods  
section, in tracing experiments, mouse brains with negative labeling were not considered when this was caused by off target injections of  
tracers such as viruses/CTB/GCaMP6f. 3) Animals without pain responses after SNI surgery were not used for experimentation. 4) Calcium   
imaging traces without significant transients were excluded from analyses. 

Replication Numbers of replicates for all experiments are clearly denoted in all figures.  No problems in replicating results in different mice throughout 
the duration of the study were encountered and results were replicated across several cohorts conducted by different investigators. 

Randomization For electrophysiology, animals were randomly assigned to each day’s experiments and by alternating Sham and SNI each day.  Mice were  
randomly assigned to light or no light stimulation, drug delivery, and SNI or Sham  for in vivo experiments.

Blinding Blinding between SNI and sham conditions was conducted for a subset of behavioral experiments involving optogenetic studies of the BLA-
PFC projection and ablation experiments.  There are two limitations to the effectiveness of blinding:  First, during optogenetics, the  
experimenter can easily see whether the laser is ON or OFF.  Second, after SNI, mice often display alterations in gait due to neuropathic pain.  
The inability to blind these studies fully is mitigated by the fact that mechanical and thermal withdrawal thresholds and latencies are  
determined in an automatized fashion (i.e., with a digital aesthesiometer) and results were replicated across several cohorts conducted by  
different investigators.  

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology

Animals and other organisms

Human research participants

Clinical data

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used anti-c-fos antibody (rabbit, 1:1000, abcam, Cat#: ab190289, Lot#: GR3188743-1; rabbit, 1:400,SantaCruz, Cat#:sc-52),   

anti-CaMKIIα (mouse, 1:100, Thermo Fisher Scientific, Cat#:MA1-048, Lot#: SE248714，Clone#: 6G9),   
anti-GAD67(mouse, 1:100, abcam, Cat#:ab26116, Lot#: GR3188743-1, Clone #: K-87 )   
anti-Tyrosine Hydroxylase (mouse,1:1000, Sigma-Aldrich,Cat#:T1299, Lot#:036M4860V, Clone#: TH-2)  
anti-parvalbumin (mouse,1:2000, Millipore, Cat#:MAB1572,Lot#:2552333, Clone#: PARV-19)   
anti-CB1 receptor (rabbit, 1:250, Abcam, Cat#:ab23703, Lot#:GR3239384-2)   
anti-tubulin (mouse, 1:5000, Abcam, Cat#:ab7291, Lot#: GR66309-4, Clone #: DM1A) 
Alexa Fluor®488 donkey anti-mouse (1:400, Life Technologies, Cat#: A21202, Lot#:1423052),   
Alexa Fluor® 546 goat anti-rabbit (1:400, Invitrogen, Cat#: A11035, Lot#:1904467)   
Alexa Fluor® 546 goat anti-mouse (1:1000, Invitrogen,Cat#: A11030,Lot#:1904466)   
Alexa Fluor®633 goat anti-mouse (1:400, Invitrogen, Cat#:A21050, Lot#:690316) 
ECL anti-rabbit IgG,HRP-linked whole antibody(donkey, 1:5000, GEHelathcare, Cat#: NA934,Lot#: 9780721) 
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Peroxidase-conjugated affinipute Sheep Anti-mouse IG(H+L) (1:5000, Jackson ImmunoResearch, Cat#: 515-035-003, Lot#: 
116992)

Validation C-fos(abcam): Website states that the antibody has been validated in WB, IHC, ICC/IF and tested in Mouse, Rat, Horse, Chicken,   
Cow, Human. Reference: PMID: 30344042  
 
C-fos(SantaCruz): Website recommended for detection of c-Fos of mouse, rat and human origin by WB, IP, IF, IHC(P) and has 
been published. Reference: PMID: 26136670 
 
CaMKIIα: Website states that the antibody has been successfully used in Western blot, immunohistochemistry, 
immunofluorescence and immunoprecipitation procedures. Reference: PMID:29151114  
 
Gad67:  Website states that the K-87 monoclonal recognizes GAD67 in nerve cell bodies and has an enhanced ability to detect 
GAD67 in dendrites and axon buttons.  Reference: PMID: 29623029  
 
Tyrosine Hydroxylase: Website states that the antibody recognizes an epitope present in the N-terminal region (approx. aa 9-16) 
of both rodent and human tyrosine hydroxylase. Reference: PMID: 26377476  
 
Parvalbumin: Website states that the antibody is routinely evaluated by Western Blot on mouse brain lysate.  
Reference: PMID: 23966693 
 
CB1: Website states that the antibody has been validated in WB, IHC, ICC/IF and tested in Mouse, Rat,Dog, Human.  
Reference: PMID:  26567045  
 
Tubulin: Website states that the antibody has been tested for Flow Cyt, ICC/IF, IP, IHC-Fr, IHC-P, Electron Microscopy, WB. 
Reference: PMID: 29230017  
 
Alexa Fluor®488 donkey anti-mouse: Website states that the antibody has been tested for IF. Reference: PMID:28288671  
Alexa Fluor®546 goat anti-rabbit :  Website states that the antibody has been tested for IF. Reference: PMID: 28102238 
Alexa Fluor® 546 goat anti-mouse: Website states that the antibody has been tested for IF. Reference: PMID: 28098238 
Alexa Fluor®633 goat anti-mouse:   Website states that the antibody has been tested for IF. Reference: PMID: 28135189 
 
ECL anti-rabbit IgG,HRP-linked whole antibody:  Website states that  the antibody is highly species specific HRP-conjugated 
antibodies optimized for use with Amersham ECL Western Blotting. https://www.gelifesciences.com/en/ca/shop/protein-
analysis/blotting-and-detection/blotting-standards-and-reagents/amersham-ecl-hrp-conjugated-antibodies-
p-06260#productsupport 
 
Peroxidase-conjugated affinipute Sheep Anti-mouse IG(H+L): The antibody has been tested in published papers.   Reference: 
PMID:  26139524               
 
 

Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals C57BL/6J, PV cre: B6;129P2-Pvalbtm1(cre)Arbr/J, Vglut2 cre: Slc17a6tm2(cre)Lowl/J , GAD2 cre: Gad2tm2(cre)Zjh/J and  
tdTomato reporter mice (B6.Cg-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J) were used.   All the mice were adult male mice  
between 6-8 weeks from start of experiments

Wild animals The study did not involve wild animals.

Field-collected samples This study did not involve samples collected from the field.

Ethics oversight All experimental procedures were performed followig the protocols approved by the Animal care committee 
 of the University of Calgary, Canda

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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