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Green light analgesia in mice is mediated by visual
activation of enkephalinergic neurons in the
ventrolateral geniculate nucleus
Yu-Long Tang, Ai-Lin Liu, Su-Su Lv, Zi-Rui Zhou, Hong Cao*, Shi-Jun Weng*, Yu-Qiu Zhang*

Green light exposure has been shown to reduce pain in animal models. Here, we report a vision-associated en-
kephalinergic neural circuit responsible for green light–mediated analgesia. Full-field green light exposure at an
intensity of 10 lux produced analgesic effects in healthy mice and in a model of arthrosis. Ablation of cone pho-
toreceptors completely inhibited the analgesic effect, whereas rod ablation only partially reduced pain relief.
The analgesic effect was not modulated by the ablation of intrinsically photosensitive retinal ganglion cells
(ipRGCs), which are atypical photoreceptors that control various nonvisual effects of light. Inhibition of the
retino–ventrolateral geniculate nucleus (vLGN) pathway completely abolished the analgesic effects. Activation
of this pathway reduced nociceptive behavioral responses; such activation was blocked by the inhibition of pro-
enkephalin (Penk)–positive neurons in the vLGN (vLGNPenk). Moreover, green light analgesia was prevented by
knockdown of Penk in the vLGN or by ablation of vLGNPenk neurons. In addition, activation of the projections
from vLGNPenk neurons to the dorsal raphe nucleus (DRN) was sufficient to suppress nociceptive behaviors,
whereas its inhibition abolished the green light analgesia. Our findings indicate that cone-dominated retinal
inputs mediated green light analgesia through the vLGNPenk-DRN pathway and suggest that this signaling
pathway could be exploited for reducing pain.
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INTRODUCTION
The high prevalence of chronic pain is a global public health prior-
ity (1); there is a need for the development of effective approaches
without side effects. Light therapy holds potential as a noninvasive,
convenient, and cost-effective option. Exposure to light of specific
wavelengths and intensities has shown some effects in the manage-
ment of various health conditions, such as cancers (2), skin diseases
(3), sleep disorders (4), and affective disorders (5). Recently, low-
intensity laser/light therapy has been used for the management of
various pain conditions, including chronic nonspecific low back
pain (6), fibromyalgia pain (7), migraine headaches (8), and neuro-
pathic pain (9). Among the colors and wavelengths available for
such therapy, most studies have reported the beneficial effects of
green light (10). Clinical and preclinical studies demonstrated
that green light-emitting diodes (LEDs) were particularly effica-
cious for pain relief in rats after nerve injury and in patients with
migraine or fibromyoma (8, 11–13). The use of opaque contact
lenses completely eliminated the analgesic effect of green LED ex-
posure in rats (11), implying that the visual system contributes to
those effects. However, the ocular photoreceptor(s) and visual cir-
cuits underlying green light analgesia remain largely unknown.

The mammalian eye contains three classes of photoreceptors
with distinct peak excitation wavelength and photoresponse charac-
teristics: rod and cone (“canonical” photoreceptors) in the outer
retina (14) and melanopsin-expressing intrinsically photosensitive
retinal ganglion cell (ipRGC; “noncanonical” photoreceptor) in the
inner retina (15). Both rod/cone photoreceptors and ipRGCs may
participate in photobiomodulation. For example, ipRGC/

melanopsin-mediated photo signals are reportedly involved in
mood and learning/memory regulation (16–19), along with bright
light–induced antinociception (20, 21), whereas cone- and rod-
driven retinal pathways are involved in migraine photophobia (22,
23). Elucidation of the exact photoreceptor class responsible for
light-induced analgesia could allow the development of more effi-
cient pain-management strategies.

The lateral geniculate nucleus (LGN) is a core retinorecipient
brain region; it includes a dorsal part (dLGN) and a ventral part
(vLGN). Generally, the dLGN is responsible for image-forming
(pattern) vision; the vLGN, which is innervated by both conven-
tional RGCs (cRGCs) and ipRGCs, contributes to various non–
image-forming visual functions (24, 25). The retino-vLGN circuit
has been shown to participate in the therapeutic effects of light
on both depressive and nocifensive symptoms (19, 20). Although
mostly GABAergic, neurons in the vLGN exhibit robust neuromo-
dulator heterogeneity (26). Specifically, a subset of these neurons
expresses enkephalin (ENK), an endogenous opioid peptide that
is implicated in pain control (27, 28). Here, we identified a visual
circuit in mice that conveys light signals (primarily from cone pho-
toreceptors) to ENK-positive neurons in the vLGN and subse-
quently to the dorsal raphe nucleus (DRN). We aimed to study
whether this pathway mediates green light–induced analgesia.

RESULTS
Cones and rods contributed to the analgesic effects of
green light in mice
Repeated low-intensity green light (525 nm, 4 to 110 lux) exposure
has been shown to produce long-lasting antinociceptive effects in
rats; this effect can be blocked by dark opaque lenses, suggesting a
role for the visual system in green light analgesia (11). To determine
the mechanismmediating green light analgesia, we first investigated
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which classes of retinal photoreceptors could be involved in the an-
algesic effects using a mouse model of arthritic pain.

Unilateral intra-articular injection of complete Freund’s adju-
vant (CFA) produced marked joint inflammation (edema and ery-
thema), thermal hyperalgesia, and mechanical allodynia in
ipsilateral hind paw (fig. S1, A to C). Arthritic mice exposed to
green light (523 nm, 10 lux, 5.07 × 109 quanta/cm2·s, full-body ex-
posure) for 8 hours daily during the light cycle (8:00 a.m. to 4:00
p.m.) for six consecutive days exhibited significant relief from
CFA-induced thermal hyperalgesia and mechanical allodynia
[Fig. 1, A to C, two-way repeated measures (RM) analysis of vari-
ance (ANOVA); paw withdrawal latencies (PWLs): F1,18 = 86.8,
P < 0.0001; paw withdrawal thresholds (PWTs): F1,18 = 49.7,
P < 0.0001]. In naive and sham mice, green light exposure sup-
pressed nociceptive responses to noxious heat stimulation but did
not affect von Frey tactile stimulation (fig. S2, A to D). We also ex-
amined the effects of green light exposure for 5 hours daily during
the light cycle (8:00 a.m. to 1:00 p.m.) and 8 hours daily during the
dark cycle (12:00 a.m. to 8:00 a.m.) for six consecutive days. Me-
chanical allodynia was reversed in the CFA-arthritic mice,
whereas thermal hyperalgesia was not (fig. S3, A to D). These
results indicate that the green light analgesic effect was modulated
by dose and time of exposure. For the subsequent experiments, light
exposure was applied at 8:00 a.m. to 4:00 p.m., the most effective
protocol.

To determine whether retinal rod and cone photoreceptors me-
diated the green light analgesia, N-methyl-N-nitrosourea (MNU), a
direct-acting alkylating agent that induces specific photoreceptor
degeneration (29), was injected intraperitoneally (i.p., 65 mg/kg).
After MNU injection, peanut agglutinin lectin (cone marker)–
and rhodopsin (rod marker)–positive signals were largely absent
in the outer retina, and the outer nuclear layer was thinned,
whereas neurons in the ganglion cell layer and inner nuclear
layer, including bipolar cells that are closely adjacent to photorecep-
tors, were not affected (Fig. 1D and fig. S4A). In addition, no
obvious neuron damage was found in central visual areas such as
the primary visual cortex (V1) and vLGN (fig. S4B). The analgesic
effects of green light were completely eliminated in CFA-arthritic
mice (two-way RM ANOVA; PWLs: F1,14 = 42.2, P < 0.0001;
PWTs: F1,14 = 30.5, P < 0.0001; Fig. 1, E to G). This finding suggest-
ed that rods and/or cones may contribute to green light analgesia.
To evaluate the roles of rod and cone photoreceptors in green light
analgesia separately, we used cone–diphtheria toxin A (DTA) mice,
in which cone photoreceptors were genetically ablated using a cone-
specific DTA (30), and Gnat1−/− mice, which lack rod function
because they do not have the gene encoding rhodopsin-associated
G protein–transducing α1 (31). Green light exposure failed to
induce analgesic effects in cone-DTA mice, whereas it was partially
effective in Gnat1−/− mice (two-way RM ANOVA; PWLs:
F2,35 = 34.9, P < 0.0001; PWTs: F2,35 = 32.8, P < 0.0001; Fig. 1, H
to K). These results indicate that retinal cones were required for
green light analgesia, whereas rods, although also participating in
this process, seemed to be only partially involved.

Green light analgesia was independent of ipRGCs
ipRGCs comprise a class of atypical RGCs. They capture light using
a G protein–coupled receptor known as melanopsin and are consid-
ered ganglion cell photoreceptors. In addition to their well-estab-
lished role in non–imaging-forming visual functions (such as

photic regulation of circadian rhythms and pupillary light respons-
es), recent studies have revealed their involvement in higher func-
tions such as affective behavior, learning, and memory (18). To
determine whether these cells participate in green light analgesia,
melanopsin-SAP, an anti-melanopsin antibody-conjugated ribo-
some-inactivating protein saporin (SAP), was injected intravitreally
bilaterally to selectively ablate ipRGCs (32). Melanopsin-SAP (400
ng) injection effectively reduced the density of ipRGCs (obtained by
counting the number of melanopsin-immunoreactive somata) by
>80%, without obvious damage to rod/cone photoreceptors or
cRGCs (Fig. 2, A to D). Unlike the ablation of outer retinal rod
and cone photoreceptors, ipRGC ablation did not affect green
light analgesia (Fig. 2, E to G). Considering that melanopsin’s exci-
tation peak is in the blue (33), we also examined the effects of
ipRGC ablation on blue light analgesia. It has been proved that
blue light (472 nm, 110 lux, 4 × 1010 quanta/cm2·s) exposure for
8 hours daily for five consecutive days produced antinociceptive
effects (11). Similar to green light, the analgesic effects of blue
light were not affected by melanopsin-SAP injection (two-way
RM ANOVA; PWLs: F3,25 = 4.6, P = 0.01; PWTs: F3, 25 = 3.9,
P = 0.02, Fig. 2, F and G). In addition, the analgesic effects of
green light were present in melanopsin knockout in Opn4−/−

mice, implying that excitation of this unique photopigment is not
required for the green light analgesia (Fig. 2, H to J). The above data
imply that melanopsin and ipRGC are likely not involved in the
green light analgesia in arthritic mice.

Activation of retino-vLGNprojectionwas required for green
light analgesia
We next attempted to identify the retina-innervated central nuclei
responsible for the green light analgesia. Anterograde tracing
signals were observed bilaterally in the superior colliculus (SC)
and LGN (including dLGN and vLGN) after intravitreal injection
of fluorescently labeled cholera toxin subunit B (CTB; Fig. 3, A
and B). Engineered Gi/o-coupled human muscarinic M4 designer
(hM4Di) receptor exclusively activated by designer drugs virus
(Syn-hM4Di-mCherry) or Syn-mCherry (control) was injected bi-
laterally into the SC, dLGN, and vLGN. Chemogenetic inhibition of
SC and dLGN neurons by intraperitoneal injection of clozapine-N-
oxide (CNO) did not modify the analgesic effects of green light in
CFA-arthritic mice (Fig. 3, C to K). In contrast, chemogenetic inhi-
bition of the vLGN, another area receiving inputs from the retina
involved in multiple non–image-forming visual functions (18,
19), had significant suppressive effects on green light analgesia
(two-way RM ANOVA; PWLs: F2,17 = 5.9, P = 0.01; PWTs:
F2,17 = 8.4, P = 0.003; Fig. 4, A to E). These findings imply that
the vLGN, but not the dLGN and SC, is required for green light an-
algesia, although all three brain areas receive direct retinal inputs.

To verify the role of retino-vLGN projections in green light an-
algesia further, we injected adeno-associated virus 2/1–expressing
Cre recombinase (AAV2/1-Cre) bilaterally into the vitreous cavity
and a double-floxed inverted open-reading frame (DIO) construct
encoding hM4Di (DIO-hM4Di-mCherry) virus bilaterally into the
vLGN to infect vLGN postsynaptic neurons specifically with hM4Di
or mCherry (Fig. 4, F and G). AAV2/1-Cre from transduced presyn-
aptic neurons was able to effectively drive Cre-dependent transgene
expression in selected postsynaptic neuronal targets (34). Thus,
vLGN neurons receiving RGC axonal projections were selectively
inhibited (Fig. 4, H and I). The results show that inhibition of
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vLGN postsynaptic neurons receiving retinal projections efficiently
blocked green light analgesia (Fig. 4, J and K, and fig. S5, A to E).
These data indicate that the retino-vLGN projection mediates green
light analgesia in rodents.

We also found that the analgesic effect of green light was absent
in Tra2b conditional knockout mice with major cortex loss, includ-
ing V1 loss (35, 36) (fig. S6). These results suggest that the cortical

structural integrity and functional integrity are required for green
light analgesia.

Activation of the retino-vLGN pathway produced analgesia
in CFA-arthritic mice
We used optogenetic manipulation to investigate further whether
activation of the retino-vLGN circuit directly produced analgesia.

Fig. 1. Retinal cones and rods were required for the analgesic effects of green light in CFA-arthritic mice. (A) Schematic of the experimental design. (B and C) Effect
of green light exposure on complete Freund’s adjuvant (CFA)–induced thermal hyperalgesia (B) and mechanical allodynia (C). *P < 0.05 and **P < 0.01 versus control. (D)
Retinal vertical sections showing peanut agglutinin lectin (PNA; conemarker)–positive and rhodopsin (rodmarker)–positive signals after intraperitoneal administration of
MNU. Scale bar, 30 μm. (E) Schematic of the protocol in experiments (F) and (G). (F andG) Effect of green light after MNU treatment. *P < 0.05 and **P < 0.01 versus vehicle
control. (H) Retinal whole mounts showing PNA-positive signals in the retinas of Cone-DTA mice. Scale bar, 100 μm. (I) Dark-adapted ERGs recordings showing ERG
responses to dim and bright flashes in Gnat1−/− mice. (J and K) Effect of green light in wild-type, Cone-DTA, and Gnat1−/− mice. *P < 0.05 and **P < 0.01 versus
wild-type mice; #P < 0.05 and ##P < 0.01 versus Gant1−/− mice. Two-way repeated measures (RM) ANOVA followed by post hoc Student-Newman-Keuls test (B, C, F,
G, J, and K). Data are expressed as means ± SEM. Sample sizes are indicated in parentheses. PWL, paw withdrawal latency; PWT, paw withdrawal threshold; BL, baseline;
MNU, N-methyl-N-nitrosourea.
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An AAV-encoding channelrhodopsin-2 (ChR2) was injected bilat-
erally into the vitreous cavity in mice; optical fibers were placed into
the vLGN (Fig. 5, A and B). Although a fraction of ipRGCs release γ-
aminobutyric acid (GABA) (37) and the pituitary adenylate
cyclase–activating polypeptide (38), the vast majority of RGC
axon terminals release the excitatory neurotransmitter glutamate
(39). Thus, we recorded excitatory postsynaptic currents (EPSCs)
in a number of vLGN neurons by optogenetic activating presynaptic
terminals of RGCs in the vLGN. The mean latency of optogenetic-
evoked EPSCs (oEPSCs) was 8.46 ± 0.48 ms (n = 6), which falls in
the well-established range of monosynaptic connection (40). To
further confirm the monosynaptic connection, we used

tetrodotoxin (TTX)/4-aminopyridine (4-AP) methods (41). The
oEPSCs were completely abolished by the voltage-gated Na+
channel blocker TTX (1 μM) that blocks generation and propaga-
tion of action potentials (APs) but then reappeared when 4-AP (100
μM), a voltage-gated K+ channel blocker, was used in the presence
of TTX (Fig. 5C) (41, 42). These results indicate that the oEPSCs
were elicited by direct synaptic connections between RGCs and
vLGN neurons. Behavioral results revealed that the optogenetic ac-
tivation of RGC terminals in the vLGN reduced CFA-induced
thermal hyperalgesia and mechanical allodynia (Fig. 5, D and E,
and fig. S7, A to D). These findings imply that activation of

Fig. 2. Retinal ipRGCs andmelanopsinwere not involved in green light analgesia in CFA-arthriticmice. (A) Schematic of intravitreal injection of melanopsin-saporin
(Mela-SAP; left) and von Frey and Hargreaves’ tests (right). (B) Retinal whole mounts showing melanopsin (UF008 antibody)–positive cells after Mela-SAP injection. Scale
bar, 200 μm. **P < 0.01 (two-tailed Student’s t test; n = 4). (C) Dark-adapted ERG recordings showing response to dim and bright flashes after Mela-SAP injection. Arrows
indicate the 3-ms flashes. (D) Retinal vertical sections (top and middle) and whole mounts (bottom) showing rhodopsin-positive (rod marker, top), PNA-positive (cone
marker, middle), and Brn3a-positive (cRGCmarker, bottom) signals after Mela-SAP injection. Scale bars, 200 μm. (E) Schematic of the protocol in experiments (F) and (G). (F
andG) Effect of intravitreal injection of Mela-SAP on green and blue light analgesia. (H) Retinal whole mounts showingmelanopsin-immunoreactive signals in the retinas
from an Opn4−/− mouse and an Opn4-tdTomato (Opn4-tdT) mouse. Scale bars, 200 μm. (I and J) Effect of green light exposure on CFA-induced thermal hyperalgesia (I)
and mechanical allodynia (J) in Opn4−/− and wild-type mice. Two-way RM ANOVA (F, G, I, and J). Data are expressed as means ± SEM. Sample sizes are indicated in
parentheses.
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retino-vLGN projections could sufficiently alleviate arthritic pain,
providing a neural-circuit basis for the green light analgesia.

Retrograde tracing by injection of retro-mCherry virus into the
vLGN showed that vLGN-projecting RGCs included both non-pho-
tosensitive cRGCs and ipRGCs (Fig. 5, F to H). A Cre-off ChR2-
mCherry (DO-ChR2-mCherry) virus was injected bilaterally into
the vitreous cavity of Opn4-Cre mice to activate all RGCs except
ipRGCs, and optical fibers were implanted into the vLGN (Fig. 5,
I and J). The optogenetic activation of non-ipRGC retinal axons
in the vLGN suppressed the CFA-induced thermal hyperalgesia
and mechanical allodynia, suggesting that vLGN-projecting
cRGCs (but not ipRGCs) might be involved in nociceptive modu-
lation (Fig. 5, K to M). In addition, fiber photometry revealed that

green light exposure evoked increased Ca2+ signals in vLGN
neurons that expressed the Ca2+ indicator, GCaMp6f (fig. S8, A
to F). The elevated vLGN neuronal activity after green light expo-
sure was also confirmed by increased expression of c-Fos (fig. S8, G
and H).

Enkephalinergic neurons and ENK in the vLGN contributed
to green light analgesia
The vLGN contains a large number of GABAergic neurons (19, 43).
A subset of GABAergic neurons, Penk+ (encodes proenkephalin,
PENK) GABAergic neurons, in the external vLGN have been iden-
tified as retina-innervated neurons (26). Therefore, we investigated
the role of Penk+ neurons located in the vLGN (vLGNPenk) in green

Fig. 3. Inhibition of SC and dLGN neurons did not affect green light analgesia. (A) Schematic showing Alexa Fluor 488/594–conjugated cholera toxin subunit B (CTB)
injection into the vitreous cavity for tracing the retino–lateral geniculate nucleus (LGN) and retino–superior colliculus (SC) projections. (B) Photomicrograph of coronal
section showing fluorescent signals in the bilateral SC and LGN [including dorsal part LGN, dLGN, and vLGN] after CTB-488/594 injection. Scale bar, 100 μm. (C) Schematic
of the protocol in experiments (D) to (K). (D) Schematic and photomicrograph showing AAV-Syn-hM4Di-mCherry/mCherry bilateral injection into the SC. Scale bar, 100
μm. (E) Effect of bath CNO onmCherry+ neuronal action potentials (APs) firing in SC slices frommice injected with AAV-hM4Di-mCherry and AAV-mCherry. (F andG) Effect
of inhibiting SC neurons by chemogenetic manipulation on green light analgesia. (H) Schematic and photomicrograph showing AAV-Syn-hM4Di-mCherry bilateral in-
jection into the dLGN. Scale bar, 100 μm. (I) Effect of bath CNO onmCherry+ neuronal AP firing in dLGN slices from AAV-hM4Di-mCherry-injected mice. (J and K) Effect of
inhibiting dLGN neurons by chemogenetic manipulation on the green light analgesia. Two-way RM ANOVA (F, G, J, and K). Data are expressed as means ± SEM. Sample
sizes are indicated in parentheses. ASCF, artificial cerebrospinal fluid.
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light analgesia. Consistent with the previous findings, RNAscope in
situ hybridization (ISH) revealed marked enrichment of vGat+ GA-
BAergic neurons in the vLGN; about 32% of GABAergic neurons
were Penk+ cells (Fig. 6A and fig. S9A). To determine whether
vLGNPenk neurons were required for green light analgesia, we first
ablated vLGNPenk neurons by injection of DIO-taCasp3–enhanced
green fluorescent protein (EGFP) (44) or DIO-EGFP virus into the
vLGN of Penk-Cre mice. The analgesic effects of green light were
efficiently blocked by vLGNPenk neuron ablation (two-way RM
ANOVA; PWLs: F1,9 = 21.9, P = 0.001; PWTs: F1,9 = 29.7,
P = 0.0004, Fig. 6, B to G). Subsequently, we examined the effects
of Penk knockdown in vLGN neurons on green light analgesia. Len-
tivirus (Lv)–expressing Penk–short hairpin RNA (shRNA) was

injected into the vLGN to knock down Penk and inhibit the expres-
sion of PENK, the precursor protein of an endogenous opioid
peptide, ENK, which produces analgesic effects by binding to δ-
and μ-opioid receptors. The control group was injected with Lv-ex-
pressing EGFP (Fig. 6H). ISH and real-time polymerase chain reac-
tion (PCR) analysis showed that the Penk mRNA expression was
successfully suppressed at 2 weeks after treatment with Lv-express-
ing Penk-shRNA (Fig. 6, I and J). Green light analgesia in arthritic
mice was prevented by Penk knockdown in the vLGN (two-way RM
ANOVA; PWLs: F1,14 = 14.6, P = 0.002; PWTs: F2,14 = 13.4,
P = 0.003; Fig. 6, L and M). In addition, systemic application of nal-
oxone, an opioid receptor antagonist (5 mg/kg, i.p.), completely re-
versed the analgesic effects induced by chemogenetic activation of

Fig. 4. Inhibition of vLGN neurons and retino-vLGN projection blocked green light analgesia. (A) Schematic of the protocol in experiments (D) and (E). (B) Schematic
and photomicrograph showing AAV-Syn-hM4Di-mCherry/mCherry bilateral injection into the vLGN. Scale bar, 100 μm. (C) Effect of bath CNO on AP firing in vLGN slices
from AAV-hM4Di-mCherry–injected mice. (D and E) Effect of inhibiting vLGN neurons by chemogenetic manipulation on green light analgesia. *P < 0.05 and **P < 0.01
versus vehicle control; #P < 0.05 and ##P < 0.01 versus mCherry control. (F) Schematic of the protocol in experiments (J) and (K). (G) Schematic showing AAV2/1-Cre
bilateral injection into the vitreous cavity and AAV-DIO-hM4Di-mCherry bilateral injection of the vLGN to infect retina-vLGN postsynaptic neurons with hM4Di specifically.
(H) Photomicrograph showing the vLGN neurons receiving retinal projections. Scale bar, 100 μm. (I) Effect of bath CNO on AP firing in vLGN slices from AAV2/1-Cre– and
AAV-DIO-hM4Di-mCherry–injected mice. (J and K) Effect of inhibiting retina-vLGN postsynaptic neurons by chemogenetic manipulation on green light analgesia.
*P < 0.05 and **P < 0.01 versus vehicle. Two-way RM ANOVA followed by post hoc Student-Newman-Keuls test (D, E, J, and K). Data are expressed as means ± SEM.
Sample sizes are indicated in parentheses.
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vLGN neurons; this finding supported the involvement of central
opioid circuits (fig. S9, B to F). As mentioned above, the activation
of retino-vLGN projections directly inhibited CFA-induced
thermal hyperalgesia and mechanical allodynia. To determine
whether vLGNPenk neurons were involved in this effect, Syn-
ChR2–enhanced yellow fluorescent protein virus was injected bilat-
erally into the vitreous cavity; Cre-dependent MAC (a blue light–
sensitive proton pump that enables neural silencing derived from
the fungus Leptosphaeria maculans)-mCherry or DIO-mCherry

(control) was injected bilaterally into the vLGN of Penk-Cre mice
(Fig. 7A). Thus, blue light (470 nm, 20 Hz, 25 ms, 5 mW, 30
min) simultaneously activated retino-vLGN projection terminals
and inhibited vLGNPenk neurons (Fig. 7, B and C). Selective inhibi-
tion of vLGNPenk neurons completely blocked the analgesic effects
induced by activation of retino-vLGN projections (one-way
ANOVA; PWLs: F5,18 = 5.0, P = 0.0049; PWTs: F5,18 = 10.5,
P < 0.0001; Fig. 7, D to F). A recent study showed that vLGN/inter-
geniculate leaflet (IGL) GABAergic neurons were involved in bright

Fig. 5. Activation of retina-vLGN projections suppressed CFA-induced hyperalgesia and allodynia. (A) Schematic of the protocol in experiments (B) to (E). (B)
Schematic and photomicrograph showing channelrhodopsin-2 (ChR2)–positive RGC terminals in the vLGN. Scale bar, 250 μm. (C) Representative traces and summary
data showing oEPSCs evoked by blue light stimulation of the RGC terminals in the vLGN. (D and E) Effect of activating retino-vLGN projections by optogenetic manip-
ulation on CFA-induced thermal hyperalgesia (D) and mechanical allodynia (E). *P < 0.05 and **P < 0.01 versus light off. (F) Schematic of the protocol in experiments (G)
and (H). (G) Schematic and photomicrograph showing retro-AAV-mCherry injection into the vLGN to label vLGN-projecting RGCs. Scale bar, 100 μm. (H) Retrograde
tracing showing vLGN-projecting cRGCs (Brn3a) and ipRGC (UF008). Scale bar, 100 μm. (I) Schematic of the protocol in experiments (J) to (M). (J) Schematic and pho-
tomicrograph showing AAV-DO-ChR2-mCherry injection into the vitreous cavity of Opn4-Cre mice and ChR2-positive cRGCs terminals in the vLGN. Scale bar, 100 μm. (K)
Representative traces and summary data showing oEPSCs evoked by blue light stimulation of cRGC terminals in the vLGN. (L andM) Effect of activating the retinocRGC-
vLGN pathway by optogenetic manipulation on arthritic pain in three mice. One-way ANOVA followed by post hoc Student-Newman-Keuls test (D and E). Data are
expressed as means ± SEM. Sample sizes are indicated in bars. TTX, tetrodotoxin; 4-AP, 4-aminopyridine; CNQX, 6-cyano-7-nitro-quinoxaline-2,3-dione.

Tang et al., Sci. Transl. Med. 14, eabq6474 (2022) 7 December 2022 7 of 15

SC I ENCE TRANSLAT IONAL MED IC INE | R E S EARCH ART I C L E
D

ow
nloaded from

 https://w
w

w
.science.org at Fudan U

niversity on D
ecem

ber 07, 2022



Fig. 6. Penk+ neurons and ENK in the vLGN contributed to green light analgesia. (A) In situ hybridization (ISH) showing colocalization and proportion of PenkmRNA
with vGatmRNA. (B) Schematic of the protocol in experiments (C) to (G). (C) Schematic showing AAV-DIO-Casp3-EGFP/AAV-DIO-EGFP injection into the vLGN of Penk-Cre
mice. (D and E) ISH showing Penk mRNA and EGFP-positive neurons in the vLGN after DIO-Casp3 injection. Scale bar, 100 μm. (F and G) Effect of ablation of vLGNPenk

neurons by Casp3 virus on green light analgesia. *P < 0.05 and **P < 0.01 versus EGFP control. (H) Schematic and photomicrograph showing Lv-expressing Penk-shRNA
injection into the vLGN. Scale bar, 100 μm. (I) ISH showing PenkmRNA-positive signals in the vLGNPenk neurons after Penk knockdown. Scale bar, 100 μm. (J) Real-time PCR
showing relative PenkmRNA expression in the vLGN. PCR analysis was performed at least three times, and similar results were obtained. (K) Schematic of the protocol in
experiments (L) and (M). (L andM) Effect of knocking down Penk in the vLGN on green light analgesia. *P < 0.05 and **P < 0.01 versus control. Two-tailed Student’s t test (E
and J), and two-way RM ANOVA followed by post hoc Student-Newman-Keuls test (F, G, L, and M). Data are expressed as means ± SEM. Sample sizes are indicated in
parentheses.
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white light (3000 lux)–induced analgesia (20). We therefore tested
whether vLGN enkephalinergic neurons also contribute to bright
light analgesia. Consistent with the previous study, we found that
bright white light (3000 lux, 2 hours/day) exposure for 7 days atten-
uated arthritis-induced hyperalgesia and allodynia. However, che-
mogenetic inhibition of vLGNPenk neurons had no effect on
bright light analgesia (fig. S10), suggesting that this subclass of

vLGN GABAergic neurons specifically participate in green light
analgesia.

vLGNPenk-DRN pathway was involved in green light
analgesia
A previous study of efferent projections from the rat vLGN implied
that vLGN neurons project to the DRN (45), an important nucleus

Fig. 7. Retino-vLGNPenk-DRN pathway contributed to green light analgesia. (A) Schematic and photomicrograph showing RGC terminals (green) and Penk+ neurons
(red) in the vLGN. Scale bar, 250 μm. (B) Representative traces and summary data showing oEPSCs evoked by blue light stimulation of RGC terminals in vLGN neurons. (C)
Representative trace showing the effect of blue light stimulation on a vLGNPPenk neuron expressing leptosphaeria maculans (MAC)–mCherry. (D) Schematic of the pro-
tocol in experiments (E) and (F). (E and F) Effect of activating retino-vLGN projections by optogenetic manipulation on CFA-induced hyperalgesia (E) and allodynia (F).
**P < 0.01 versus light off. (G) Schematic and photomicrograph showing AAV2/1-Cre injected into the vLGN of Ai3 mouse, and postsynaptic neurons receiving vLGN
neuronal projections in the dorsal raphe nucleus (DRN). Scale bar, 100 μm. (H) Schematic and photomicrograph showing DRN-projecting vLGNPenk neurons. Scale bar, 200
μm. (I) Schematic of the protocol in experiments (K) and (L). (J) Effect of bath CNO on AP firing of vLGNPenk neuron expressing hM4Di in Penk-Cre mice. (K and L) Effect of
inhibiting DRN-projecting vLGNPenk neurons by chemogenetic manipulation on green light analgesia. *P < 0.05 and **P < 0.01 versus control. P values were determined
by one-way (E and F) and two-way RM ANOVA (K and L) followed by post hoc Student-Newman-Keuls test. Sample sizes are indicated in bars and parentheses.
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related to descending pain modulation (46). We also observed such
projections in mice. We injected recombinant AAV1-Cre (rAAV-
hSyn-Cre) bilaterally into the vLGN of Ai3 mice to infect postsyn-
aptic neurons in efferent regions of vLGN; we detected fluorescence
signals in the DRN (Fig. 7G). To verify the effects of the vLGN-DRN
pathway on green light analgesia, we used a Cre-enabled chemoge-
netic inhibition system that involved injection of retrograde virus-
expressed FLEX-FlpO bilaterally into the DRN and Flp-dependent
hM4Di (fDIO-hM4Di-mCherry) bilaterally into the vLGN of Penk-
Cre mice (Fig. 7, H and I). Thus, we achieved selective inhibition of
DRN-projecting Penk+ neurons in the vLGN by injecting CNO.
Chemogenetic inhibition of vLGNPenk-DRN inputs significantly
blocked green light analgesia in CFA-arthritic mice (two-way RM
ANOVA; PWLs: F1,6 = 6.7, P = 0.04; PWTs: F1,6 = 11.4,
P = 0.015; Fig. 7, J to L). Furthermore, we used optogenetic manip-
ulation to investigate whether activation of the vLGNPenk-DRN
circuit directly produced analgesia via bilateral injection of Cre-de-
pendent ChR2-mCherry virus into the vLGN of Penk-Cre mice
(Fig. 8, A to C). Optogenetic activation of vLGNPenk terminals in
the DRN significantly alleviated CFA-induced thermal hyperalgesia
(two-way ANOVA, F1,10 = 5.1, P = 0.048; Fig. 8D). This effect was
blocked by pretreatment of the DRN with D-Phe-Cys-Tyr-D-Trp-
Arg-Thr-Pen-Thr-NH2 (CTAP; 150 ng), a μ-opioid receptor antag-
onist, but not by pretreatment with naltrindole (NTI; 450 ng), a δ-
opioid receptor antagonist (Fig. 8E), implying that ENK and μ-

opioid receptors mediated the analgesia caused by vLGNPenk-
DRN pathway activation. At the same dose without blue light stim-
ulation, CTAP and NTI per se had no effects on CFA-induced hy-
peralgesia (Fig. 8F).

DISCUSSION
In the past decade, numerous preclinical and clinical studies have
reported pain modulation by light. Depending on the wavelength,
intensity, and route of administration, light has distinct regulatory
effects on pain. For example, green light exposure markedly reduces
pain during an acutemigraine episode compared to other chromatic
lights (such as white, blue, amber, and red) (22). A recent study re-
ported that green light exposure effectively reduced the number of
headache days in patients with migraine and pain intensity in pa-
tients with fibromyalgia (8, 12, 13). In a preclinical study that used
colored contact lenses as filters, repeated green light exposure pro-
duced antinociception in rats; this effect required engagement of the
visual system (11). However, it was unclear how the visual system
drives the analgesic effect of green light. In this study, we found
that retinal cone photoreceptors are essential for green light analge-
sia, whereas rods play a secondary role, as demonstrated by the com-
plete and partial elimination of this effect after genetic ablation of
cones and rods, respectively. In addition, ablation of ipRGCs, which
are widely presumed to participate in non–imaging-forming vision,

Fig. 8. Activation of vLGNPenk-DRN projection suppressed CFA-induced hyperalgesia through Mu opioid receptor. (A) Schematic and photomicrograph showing
intra-vLGN injection of DIO-ChR2-mCherry in Penk-Cre mouse and vLGNPenk terminals in the DRN. Scale bar, 100 μm. (B) An example showing blue light stimulation–
evoked APs in vLGNPenk neurons expressing ChR2-mCherry. (C) Schematic of the protocol in experiments (D) to (F). (D) Effect of activating vLGNPenk-DRN projections by
optogenetic manipulation on CFA-induced hyperalgesia during light application. *P < 0.05 versus mCherry control. (E) Effect of activating vLGNPenk-DRN pathway by
optogeneticmanipulation on CFA-induced hyperalgesia after intra-DRN administration of CTAP (μ opioid receptor antagonist) or naltrindole (NTI) hydrochloride (δ-opioid
receptor antagonist).*P < 0.05. (F) Effect of intra-DRN application of CTAP or NTI on CFA-induced hyperalgesia. Two-way RM ANOVA (D) and one-way ANOVA (E to G)
followed by post hoc Student-Newman-Keuls test. Sample sizes are indicated in bars.
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did not affect green light analgesia. Moreover, we found that the an-
algesic effect of green light was dependent on the retinal RGC-
vLGNPenk-DRN circuits (fig. S11).

Light affects biological processes in humans and animals
through the integumentary and visual systems. The analgesic
effects of bright white, green, blue, red, and near-infrared lights
have been documented (20, 21, 47). Red (625 to 740 nm) and
near-infrared (750 to 1000 nm) lights have high tissue penetration
and are used to treat various pain disorders by cutaneous applica-
tion (48–50). Because of the shorter wavelengths, green light anal-
gesia does not appear to influence the integumentary system. In this
study, ablation of cones and rods completely blocked the analgesic
effect of green light, implying that the visual pathway has a crucial
role. White light has a broad spectrum; it contains multiple wave-
lengths. Thus, bright white light analgesia may be the cumulative
effect of different wavelengths. Considering that bright light
therapy is typically applied at 3000 to 5000 lux (20, 21, 51), this
may cause stress in nocturnal rodents (52), exacerbate headaches
(53), and potentially induce retinal degeneration (54–58). Here,
we used low-illuminance green light, which is sufficient to excite
rods and cones (59) and might have lower risk of adverse effects.

Cone and rod photoreceptors are regarded as the first compo-
nents of the retinal visual pathway. These cells capture visual infor-
mation and ultimately respond to light (14). Visual
phototransduction relies on the absorption of photons by visual
opsins that are expressed in photoreceptors. Most mouse cones co-
express both short wavelength-sensitive opsin and middle wave-
length-sensitive opsin in a dorsal-ventral gradient (60); they
exhibit varying degrees of responsiveness to green light stimulation.
Consequently, most RGCs (retinal output neurons driven by pho-
toreceptors that convey photo signals to higher visual centers) can
be excited by green light (61, 62). In addition, we found that green
light analgesia was completely abolished in cone-deficient mice,
strongly implying a key role for cones in this analgesic effect.
Mouse rods exhibit peak sensitivity to light at about 500 nm (63,
64), a wavelength present in the green range. In this study, we
found that rod-specific genetic dysfunction led to weaker green
light analgesia, supporting the idea that rod-mediated signals
were partially involved in this effect. On the basis of these findings,
we speculate that a specific group of RGCs that receive rod-cone
mixed inputs but are primarily driven by cones were the retinal con-
duits of the neural circuit underlying green light analgesia. In addi-
tion to rods and cones, ipRGCs constitute a third class of retinal
photoreceptors that play vital roles in non–image-forming visual
processes, such as pupil constriction, circadian rhythms, memory
(18), mood (19), andmigraine-related photophobia (65). Therefore,
we also examined the role of ipRGCs in green light analgesia. Al-
though ipRGCs contribute to the antinociceptive effects of bright
white light (20), our findings indicate that they are not involved
in green light analgesia.

Many brain regions receive afferent input from the retina. Some
non–image-forming visual centers receive afferent input from both
cRGC and ipRGCs (66), suggesting that cRGCs may participate in
non–image-forming vision. Many RGCs innervate the LGN (67),
which is an important part of the visual thalamus; in rodents, the
LGN is divided into the dLGN, vLGN, and IGL. Nucleus-specific
differences in nerve terminal composition, distribution, and mor-
phology have been found among the three subnuclei (67–69). The
IGL/vLGN is reportedly involved in the regulation of anxiety,

depression, spatial memory, and pain (19, 20). In this study, we
found that the RGC-vLGN projections mediated green light analge-
sia. Moreover, optical fiber calcium imaging and c-Fos immunohis-
tochemical experiments showed that green light exposure directly
activated vLGN neurons; these findings indicate that the vLGN
may also be involved in chromatic identification. Furthermore, pre-
vious work observed strong blue opsin preference in the lateral
vLGN and strong green opsin preference in the medial vLGN in
mice (70). Thus, we can speculate that vLGN neurons located in
the medial subsection of this area might be involved in green
light analgesia.

The vLGN is enriched in GABAergic neurons, which provide in-
hibitory modulation to various brain areas, including the olivary
pretectal nucleus, lateral habenula, and ventrolateral periaqueductal
gray (vlPAG) (19, 20, 24). Our data show that about 32% of vGat+
vLGN neurons were Penk+; such neurons project to the DRN, an
important brain region involved in endogenous descending pain
control (71). PENK is the precursor protein of ENK, which has
two natural subtypes: leu-ENK and met-ENK. ENK is an agonist
of the δ-opioid receptor and a weak agonist of the μ-opioid receptor
(72, 73). To assess the contribution of ENK in the vLGN to green
light analgesia, we used shRNA to knock down ENK in the vLGN;
we also selectively ablated vLGNPenk neurons by injecting DIO-
taCasp3 virus into Penk-Cre mice. We found that vLGNPenk

neurons and the ENK that they synthesized played key roles in
green light analgesia mediated by retino-vLGN projections. In par-
ticular, activation of DRN-projecting vLGNPenk axons robustly alle-
viated CFA-induced hyperalgesia, and inhibition of this pathway
effectively prevented green light analgesia. Furthermore, pretreat-
ment with a μ-opioid receptor antagonist in the DRN effectively
blocked the analgesic effects induced by activating vLGNPenk-
DRN projections, implying that ENK from the vLGN to the DRN
produces analgesia that is mediated by modulation of μ-opioid re-
ceptor activity in the DRN. μ-Opioid receptors are reportedly
widely distributed in DRN neurons, especially GABAergic
neurons, implying that μ-opioid receptors excite descending projec-
tion neurons (such as 5-hydroxytryptamine neurons) by reducing
GABAergic tone (74). μ-Opioid receptors in the PAG/DRN
region have been shown to produce analgesia by inhibiting GA-
BAergic function in the vlPAG/DRN region (75). Because few δ-
opioid receptors are present in the DRN (76, 77), it is expected
that vLGNPenk-DRN pathway-mediated analgesia was not inhibited
by treatment with a δ-opioid receptor antagonist. Together, our
results strongly indicate that cone/rod-RGC-vLGNPenk-DRN cir-
cuits are required for green light analgesia.

It should be mentioned that recent work reported a retina-initi-
ated pathway mediating the antinociceptive effect of bright white
light (20), which appears to be somewhat similar to the circuits
we described here for green light analgesia. For example, both
studies have revealed a vital role of retina-innervated vLGN
neurons in phototherapy analgesia. However, the differences in
the characterized neural circuits between these two works are
rather clear. First, the retinal conduits mediating green light analge-
sia reported here are likely to be cRGCs that are driven by cone-
dominated inputs, whereas those responsible for bright light anti-
nociception previously reported are mostly (~82%) M4-type
ipRGCs [SMI-32 (an antibody which recognizes the nonphos-
phorylated epitopes on the neurofilament proteins) positive ON-
type RGCs] (78, 79). Second, although both the DRN and vlPAG
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receive projections from the vLGN and participate in pain modula-
tion, their cytoarchitectonic and input/output profiles are quite dif-
ferent. For instance, it is well established that DRN serotonergic
neurons directly project to the spinal dorsal horn, inhibiting noci-
ceptive transmission, whereas the vlPAG-mediated antinociception
is mainly relayed via the RVM and A7 nuclei (80). Third, in this
study, at least one confined subclass of vLGN neurons, the enkepha-
linergic neurons and μ-opioid receptor in DRN neurons, is found to
be involved in green light analgesia. Our results showed that chemo-
genetic inhibition of vLGNPenk neurons did not affect bright light
analgesia, raising the possibility that the vLGNPenk-DRN pathway
specifically mediated green light analgesia.

The interaction of multiple sensory systems (such as vision, ol-
factory, gustatory, auditory, and somatosensory) is vital for survival
from an evolutionary standpoint. Previous studies have demonstrat-
ed that pain, olfactory, and gustatory sensory-processing pathways
interact at both peripheral and central systems (81). Equal intensi-
ties of painful stimuli were perceived to be weaker when sweet odors
and substances were administered than when bitter substances were
administered (82). Green light analgesia may partially arise from the
interaction between visual and somatosensory systems. Our find-
ings in mice without a cerebral cortex might be explained by func-
tional connectivity among primary somatosensory, visual, auditory
cortex, and other cortical areas (such as prefrontal cortex) that par-
ticipate in cross-modal processing (83).

Although various light wavelengths have been used to treat
several medical conditions, green light might have provided im-
proved health and safety benefits for humans and animals from
an evolutionary perspective. Exposure to an environment rich in
the color green (such as forest bathing) can decrease physiological
and psychological pain (84). Psychology studies have shown that
“green” conveys positive information related to happiness (85).
When participants were shown a color before pain stimulation,
pain intensity scores were higher than baseline values for all
colors, except green (86, 87). A clinical study also showed that
green light was less likely than other wavelengths of light to exacer-
bate migraine headache; it even alleviated headache at low intensi-
ties (22). Although it is unclear whether color perception is
comparable between humans and rodents, green light exposure in
both humans and rodents reduces pain sensitivity, suggesting the
involvement of shared mechanisms between the two species. There-
fore, it may be clinically useful to investigate the potential mecha-
nisms of green light analgesia, which is simple, safe, and
economical.

This study has several limitations. For example, after melanop-
sin-SAP treatment, a few ipRGCs were spared, and their possible
contribution to green light analgesia cannot be completely exclud-
ed; meanwhile, melanopsin-SAP preferentially ablates M1 to M3
cells, leaving M4 to M6 cells largely intact (88, 89). Thus, more ef-
fective technical methods that enable a thorough ablation of ipRGCs
of all subtypes (90) could be used in future work to resolve this issue.
In addition, besides PENK+ neurons, Ecel1+(endothelin converting
enzyme like 1), Pvalb+(Parvalbumin), and Spp1+(Osteopontin)
retina-innervated cells have also been identified in the vLGN (26).
Further study is needed to determine whether other subclasses of
vLGN neurons participate in green light analgesia. Last, the analge-
sic effect of green light was absent in Tra2b conditional knockout
mice with major cortex loss, implying that some cortical circuits
may also be required for green light analgesia. It remains to be

determined which cortical structures and related circuits are in-
volved in the green light analgesia.

MATERIALS AND METHODS
Study design
The main goal of this study was to investigate the visual circuits that
underlie low-intensity green light–induced analgesia, and the
results were expected to provide insights into potential strategies
for the chronic pain management. We first confirmed the analgesic
effect of repeated low-intensity green light exposure in CFA-
induced arthritis mice. Then, we characterized the retinal photore-
ceptors responsible for this effect using three mouse models in
which cones, rods, or ipRGCs were genetically or pharmacologically
ablated. Next, we assessed the retinal recipients responsible for the
green light analgesia by conducting chemogenetic inhibition of
neurons in the dLGN, SC, and vLGN. Moreover, we checked the
expression of Penk mRNA in vGat+ GABAergic neurons in the
vLGN by RNAscope ISH. Using shRNA and apoptosis induction
techniques, we affirmed that ENK and vLGNPenk neurons were es-
sential for green light analgesia. Last, using circuit tracing and op-
togenetic/chemogenetic manipulation, we examined the role of the
vLGNPenk-DRN pathway in the green light analgesic effect. Mice
were randomly assigned into different cages and groups and
tested by an investigator blinded to mouse genotypes/treatments
and group assignments. The sample sizes and power calculation
were based on our previous knowledge and experience with
similar experimental models and anticipated biological variables.
All experiments have been replicated successfully, and all data
were included in analysis. Data were acquired and analyzed in a
blinded manner. Sample sizes and replicates are shown in the
figures or figure legends.

LED light exposure
Laser-engraved LED light-guiding plates with adjustable brightness
were installed in a three-dimensional printing frame that could
cover the top and four walls of a mouse home cage (Institute of
Semiconductors, Chinese Academy of Science). Mice were
exposed to LED lights of various wavelengths with unlimited
access to food and water in a custom-designed light-tight cabinet.
Low-intensity light exposure began during the light phase and con-
tinued for 8 hours (8 a.m. to 4 p.m.) daily for 6 days; bright light
exposure continued for 2 hours (1 to 3 p.m.) daily for 7 days. Be-
havioral assessment was performed after light exposure. At the end
of daily behavioral testing, the mice were returned to their regular
animal room (with ~200 lux white ambient illumination) until the
next day.

Mouse arthritis pain model
Mouse monoarthritis was induced by the intra-articular adminis-
tration of CFA (25 μl) unilaterally into the knee joints of mice
under isoflurane anesthesia. Control mice received intra-articular
injection of 25 μl of sterile saline.

von Frey test
Mechanical allodynia was assessed by measuring PWTs in response
to a calibrated series of von Frey filaments (0.02 to 1.4 g; North
Coast Med Inc.). Each mouse was placed in a chamber on an elevat-
ed metal mesh floor and then allowed to acclimatize for about 30

Tang et al., Sci. Transl. Med. 14, eabq6474 (2022) 7 December 2022 12 of 15

SC I ENCE TRANSLAT IONAL MED IC INE | R E S EARCH ART I C L E
D

ow
nloaded from

 https://w
w

w
.science.org at Fudan U

niversity on D
ecem

ber 07, 2022



min. A series of von Frey filaments were then applied vertically to
the central region of the hind paw plantar surface in ascending
order (0.02, 0.04, 0.07, 0.16, 0.4, and 0.6 for model; 0.16, 0.4, 0.6,
1, and 1.4 for naive). Filaments were applied until buckling occurred
and then maintained for about 2 s. A filament was applied only
when the mouse was stationary and standing on all four paws. A
withdrawal response was considered valid only if the hind paw
was completely removed from the customized platform. Each fila-
ment was applied five times at 15-s intervals, and the minimum
value that caused at least three responses was recorded as the PWT.

Hargreaves’ test
Thermal hyperalgesia was assessed by measuring PWLs in response
to a radiant heat source (IITC Life Science). Mice were placed indi-
vidually into Plexiglas chambers on an elevated glass platform and
then allowed to acclimatize for 30 min. The heat source was main-
tained at a constant intensity, which produced a stable PWL of
about 8 to 10 s in naive mice. The heat source was switched off
when paw withdrawal occurred or after 20 s of emission. The
time between the onset of radiant heat application and hind paw
withdrawal was defined as the PWL. The hind paws were tested
three times with 10-min intervals between the tests. The mean
latency of the three trials was then calculated.

Statistical analysis
The data are presented as the means ± SEM. All data from the dif-
ferent groups were verified for normality and homogeneity of var-
iance using Shapiro-Wilk and Levene’s tests before analysis. For
CFA-induced behavioral hypersensitivity, green light analgesic
effects and chemogenetic manipulations were analyzed using two-
way RM ANOVA following by post hoc Student-Newman-Keuls
tests. The differences in immunoreactive/ISH signals and mRNA
expression (real-time PCR) between treated groups were compared
using Student’s t test or Mann-Whitney U test (nonparametric
data). Electrophysiological data were tested using paired t test. For
optogenetic manipulation, PWL and PWT were compared using
one-way ANOVA followed by post hoc Student-Newman-Keuls
tests or Kruskal-Wallis H test (nonparametric data). No additional
data were excluded from the statistical analyses because of outlier
status. All analyses were two-tailed, and a P value of less than 0.05
was considered statistically significant. The statistical analyses were
performed using GraphPad Prism 8.0 software (GraphPad
Software).
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