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Optogenetic Inhibition of CGRP� Sensory Neurons Reveals
Their Distinct Roles in Neuropathic and Incisional Pain
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Cutaneous somatosensory neurons convey innocuous and noxious mechanical, thermal, and chemical stimuli from peripheral tissues to
the CNS. Among these are nociceptive neurons that express calcitonin gene-related peptide-� (CGRP�). The role of peripheral CGRP�
neurons (CANs) in acute and injury-induced pain has been studied using diphtheria toxin ablation, but their functional roles remain
controversial. Because ablation permanently deletes a neuronal population, compensatory changes may ensue that mask the physiolog-
ical or pathophysiological roles of CANs, particularly for injuries that occur after ablation. Therefore, we sought to define the role of intact
CANs in vivo under baseline and injury conditions by using noninvasive transient optogenetic inhibition. We assessed pain behavior
longitudinally from acute to chronic time points. We generated adult male and female mice that selectively express the outward rectifying
proton pump archaerhodopsin-3 (Arch) in CANs, and inhibited their peripheral cutaneous terminals in models of neuropathic (spared
nerve injury) and inflammatory (skin-muscle incision) pain using transdermal light activation of Arch. After nerve injury, brief activa-
tion of Arch reversed the chronic mechanical, cold, and heat hypersensitivity, alleviated the spontaneous pain, and reversed the sensitized
mechanical currents in primary afferent somata. In contrast, Arch inhibition of CANs did not alter incision-induced hypersensitivity.
Instead, incision-induced mechanical and heat hypersensitivity was alleviated by peripheral blockade of CGRP� peptide-receptor sig-
naling. These results reveal that CANs have distinct roles in the time course of pain during neuropathic and incisional injuries and
suggest that targeting peripheral CANs or CGRP� peptide-receptor signaling could selectively treat neuropathic or postoperative
pain, respectively.
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Introduction
Cutaneous nerve endings sense environmental events, including
noxious mechanical, thermal, and chemical stimuli that are then

conveyed to the spinal cord (body) or trigeminal tract (face)
(Basbaum et al., 2009). Classically, pain-sensing neurons (noci-
ceptors) are divided into two general subsets of nociceptors: pep-
tidergic neurons, which express the neuropeptides calcitonin
gene-related peptide-� (CGRP�) and substance P; and nonpep-Received Dec. 17, 2017; revised March 29, 2018; accepted April 18, 2018.
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Significance Statement

The contribution of sensory afferent CGRP� neurons (CANs) to neuropathic and inflammatory pain is controversial. Here, we left
CANs intact during neuropathic and perioperative incision injury by using transient transdermal optogenetic inhibition of CANs.
We found that peripheral CANs are required for neuropathic mechanical, cold, and heat hypersensitivity, spontaneous pain, and
sensitization of mechanical currents in afferent somata. However, they are dispensable for incisional pain transmission. In
contrast, peripheral pharmacological inhibition of CGRP� peptide-receptor signaling alleviated the incisional mechanical and
heat hypersensitivity, but had no effect on neuropathic pain. These results show that CANs have distinct roles in neuropathic and
incisional pain and suggest that their targeting via novel peripheral treatments may selectively alleviate neuropathic versus
incisional pain.
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tidergic neurons, which express isolectin-B4 or MrgD (Basbaum
et al., 2009; Cavanaugh et al., 2009; Ghitani et al., 2017). How-
ever, recent studies have revealed that CGRP� neurons (CANs)
are more heterogeneous (Usoskin et al., 2015; Li et al., 2016;
Nguyen et al., 2017). Approximately 20% of A� or C-fiber
isolectin-B4� neurons (classically identified as nonpeptidergic)
express CGRP (Li et al., 2016) and are also TRKA� and TRPV1�

(belonging to the NP2 subtype) (Usoskin et al., 2015). Further-
more, two populations exist within the classically defined CGRP
peptidergic neurons: PEP1 and PEP2. Both subtypes express
CGRP, TRKA, KIT, and Nav1.8/9. PEP1 and PEP2 neurons differ
in that PEP1 neurons are unmyelinated, express TAC1 and
TRPV1, and express low levels of PLXNC1, whereas PEP2 neu-
rons are myelinated and express CNTNAP2, FAM19A1, and
NEFH. Notably, CANs can respond to painful stimuli and di-
rectly transmit the signal to the CNS, in part, by releasing CGRP�
from their central terminals (Basbaum et al., 2009; McCoy et al.,
2012). At their peripheral endings, CANs can also release CGRP�
that then acts on other non-neuronal cells or on CGRP� neuro-
nal endings. When CGRP� is released from peripheral sensory
endings, it causes vasodilation and inflammation by acting on
CGRP1 receptors that are expressed by CGRP� neuronal, endo-
thelial cells that line blood vessels, immune cells, and keratino-
cytes (Hagner et al., 2002; Eftekhari and Edvinsson, 2010; Assas et
al., 2014; Russell et al., 2014). Exciting studies have conclusively
shown a clear role for CAPS in headache pain, resulting in the
development of clinically effective novel therapeutics for mi-
graine and headache disorders (Goadsby and Edvinsson, 1993;
Olesen et al., 2004; Deen et al., 2017; Tso and Goadsby, 2017).

CANs have also been implicated in nociceptive transmission
and neurogenic inflammation in nonheadache persistent pain;
however, their roles in pain with distinct etiologies (i.e., neuro-
pathic vs inflammatory injuries) remain debated (McCoy et al.,
2012, 2013; Iyer et al., 2014; Daou et al., 2016; Iyengar et al.,
2017). Chemical ablation of CANs showed that they are essential
for baseline cold and heat detection, as well as heat hypersensi-
tivity after both neuropathic and inflammatory injuries (McCoy
et al., 2012, 2013). However, mechanical detection was unaf-
fected by chemical ablation of CANs in both normal baseline and
injury conditions (McCoy et al., 2013). Nonetheless, reports on
the role of CANs in injury-induced mechanical hypersensitivity
are conflicting (Iyer et al., 2014; Daou et al., 2016; Iyengar et al.,
2017). Both systemic CGRP antagonist administration (Iyengar
et al., 2017) and optogenetic inhibition of broadly defined noci-
ceptive neurons that include CANs (Iyer et al., 2014; Daou et al.,
2016) decrease the injury-induced mechanical hypersensitivity.
Because ablation and genetic deletion methods permanently re-
move neurons or proteins, they can potentially cause unrecog-
nized compensatory molecular, synaptic, and circuitry changes in
vivo that may underlie the discrepancies in CGRP�-related me-
chanical hypersensitivity after injury (Eisener-Dorman et al.,
2009). Optogenetic inhibition overcomes these potential compli-
cations of ablation and genetic deletion approaches by leaving the
neurons, their normal signaling mechanisms, and their anatom-
ical circuits intact, and by allowing precise temporal control over
neuronal activity (Boada et al., 2014; Daou et al., 2016; St John
Smith, 2018).

Here, we selectively inhibited CANs in vivo and in vitro using
a tamoxifen-inducible CGRP� Cre mouse line to express the
light-sensitive proton pump arachaerhodopsin-3 (Arch) exclu-
sively in the CANs of adult mice. We assessed the contributions of
CANs longitudinally at acute and chronic time points following
neuropathic and inflammatory (incision) injuries.

Materials and Methods
Animals. All animal protocols were in accordance with the National In-
stitute of Health guidelines and were approved by the Institutional Ani-
mal Care and Use Committee of the Medical College of Wisconsin (AUA
#0383). Mice were housed in a 14:10 light/dark cycle with ad libitum
access to food and water. Adult C57BL/6J (RRID:IMSR_JAX:000664)
mice and homozygous CGRP� Cre � Arch/Arch (CGRP-Arch Cre�) and
CGRP� Cre � Arch/Arch littermates (CGRP-Arch Cre�) 8 –24 weeks old
were used. Approximately equal numbers of males and females were
used for most experiments, except where noted. No differences were
found between sexes for any of the assays, and as such, data from both
sexes were combined. Selective expression of Arch in CANs was
achieved using a CreER-LoxP system. Homozygous Ai35D (B6;129S-
Gt(ROSA)26Sor tm35.1(CAG-aop3/GFP)Hze/J mice, The Jackson Laboratory
catalog #012735, RRID:IMSR_JAX:012735) have a stop codon flanked by
two LoxP sites that prevents Arch-GFP transcription. These mice were
mated with the Chuang CGRP CreER mouse line (Song et al., 2012) to
produce CGRP-Arch Cre� and CGRP-Arch Cre� mice. All animals, re-
gardless of CreER expression, were intraperitoneally injected with 75 mg
tamoxifen/kg body weight for 5 consecutive days. All assays were per-
formed 7 d after the final tamoxifen injection. Tamoxifen (Sigma-
Aldrich catalog #10540-29-1) was dissolved to 20 mg/ml in corn oil.

DRG neuron isolation and culturing. Mice were anesthetized with in-
haled isoflurane and decapitated. All lumbar DRGs were removed bilat-
erally from naïve animals. For spared nerve injury (SNI) animals
(described below), only ipsilateral lumbar 4 – 6 DRG neurons were re-
moved 16 weeks after SNI was performed. Isolated DRGs were incubated
in DMEM/Ham’s F12 medium (DMEM) containing 10 mg/ml collage-
nase for 40 min and 0.5% trypsin for 45 min. Then, DRG neurons were
mechanically dissociated and plated onto laminin-coated glass cover-
slips. DRG neurons were incubated overnight in DMEM supplemented
with 10% heat-inactivated horse serum, 2 mM L-glutamine, 1% glucose,
100 units/ml penicillin, and 100 �g/ml streptomycin (Zappia et al.,
2016). No exogenous growth factors were added to the medium.

Immunofluorescence (IF). Tissues were removed from CGRP-Arch
Cre� and Cre� mice. Whole DRGs were collected as described above.
Additionally, glabrous hindpaw skin was harvested. All tissues were im-
mediately fixed in Zamboni’s fixative for 30 min at 4°C and then incu-
bated in 30% sucrose for 24 – 48 h at 4°C. Tissue was embedded in
Optimal Cutting Temperature compound, cryosectioned at 12 �m
(DRGs), and mounted onto poly-L-lysine-coated slides; skin was cryo-
sectioned at 50 �m and then stored at 4°C in PBS.

Slides containing tissue sections were dried at room temperature over-
night and then washed 3 times with TBS/0.3% Triton-X (TBS/TX) and
rinsed with PBS. Sections were blocked in 10% normal donkey serum
(NDS, Abcam catalog #ab7475) in TBS/TX. Slides were then incubated at
room temperature overnight in 10% NDS in TBS/TX that contained the
following primary antibody: rabbit anti-CGRP (1:1000, Sigma-Aldrich
catalog #C8198, RRID:AB_259091). After 4 TBS/TX washes followed by
3 PBS washes, slides were incubated in 10% NDS for 30 min at room
temperature. The secondary antibody (donkey anti-rabbit 594, 1:200,
Thermo Fisher Scientific catalog #R37119 RRID:AB_2556547) was ap-
plied for 3 h at room temperature. After the secondary incubation, the
slides were washed 3 times with TBS/TX and then PBS and coverslipped.

Floating skin sections were washed 3 times with TBS/TX and then
incubated in 10% NDS for 1 h at room temperature. Next, sections were
incubated in 10% NDS, TBS/TX solution containing the primary anti-
bodies (rabbit anti-CGRP 1:1000 or rabbit anti-keratin 14, 1:500,
BioLegend catalog #905304, RRID:AB_2616896) overnight at room tem-
perature. The following day, sections were washed 4 times with TBS/TX
followed by a 30 min incubation in 10% NDS. The secondary mixture
(donkey anti-rabbit 594, 1:200 or donkey anti-rabbit 594, 1:200 and
DRAQ5, 1:1000, Abcam catalog #ab108410 RRID:AB_2314341) was
added to the sections and incubated for 5 h at room temperature.
Next, the sections were washed 2 times with TBS/TX followed by 4
washes with PBS. Sections were mounted onto slides, dried overnight,
and coverslipped.
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Microscopy. The experimenter was blinded to genotype and treatment
throughout imaging and cell counting. Images were taken using a Nikon
Eclipse E800 confocal microscope equipped with 488, 561, and 635 nm
lasers. Images were collected using an EZ-C1 viewer (Nikon Instru-
ments) and assessed in ImageJ (version 1.51, National Institutes of
Health, Bethesda, MD) and Adobe Illustrator software (Adobe Systems).
Only global adjustments to brightness and contrast were made.

Spared Nerve Injury (SNI). SNI surgery was performed on mice as
previously described, by sparing the sural nerve (Decosterd and Woolf,
2000; Smith et al., 2013). The SNI model was selected due to its immedi-
ate and long-lasting robust mechanical hypersensitivity. Animals were
anesthetized with 1.5% isoflurane throughout surgery. The left tibial and
common peroneal nerves were ligated just peripheral to where they
branch off the sciatic nerve and transected 2– 4 mm distal to the ligature.
The sural nerve remained intact and untouched. Sham animals were
anesthetized and skin and muscle incisions were made without tibial and
peroneal nerve ligation and axotomy.

Incisional pain model of inflammatory pain. Plantar incision through
the skin and muscle was performed as previously described (Brennan et
al., 1996; Pogatzki and Raja, 2003; Banik et al., 2006; Barabas and Stucky,
2013). This model was chosen as it is one of the most clinically relevant
models of inflammatory pain (Ghasemlou et al., 2015); and because
�20% of patients who have surgery, later suffer persistent postoperative
pain after healing (Vadivelu et al., 2010; Gan et al., 2014). Animals were
anesthetized with 1.5% isoflurane throughout surgery. A 5 mm cutane-
ous longitudinal incision was made 2 mm from the proximal edge of the
heel toward the toes using a number 11 blade scalpel. The plantaris
muscle was elevated and incised longitudinally through the belly of the
muscle. The skin was closed with two sutures, which remained in place
throughout testing. Animals whose sutures were pulled out before post-
operative day 2 were removed from the study. Sham mice were anesthe-
tized, but not incised. Bacitracin cream was applied to the plantar
hindpaw over the surgical site for all animals following incision or sham
surgery.

Patch-clamp electrophysiology. The experimenter was blinded to sur-
gery (i.e., naïve vs SNI). Lumbar DRG neurons from naïve or 16 weeks
post-SNI CGRP-Arch Cre� animals were used for patch-clamping after
culturing overnight as described above (Weyer et al., 2015). Coverslips
were placed in a perfusion chamber above an Eclipse TE200 inverted
microscope (Nikon). Cells were continuously superfused with an extra-
cellular HEPES solution containing the following: 140 mM NaCl, 5 mM

KCl, 2 mM CaCl2,1 mM MgCl2,10 mM HEPES, and 10 mM glucose, pH
7.4 � 0.03, and 310 � 3 mOsm. Borosilicate pipettes with resistances of
2–5 M� that were filled with intracellular HEPES solution (135 mM KCl,
10 mM NaCl,1 mM MgCl2,1 mM EGTA, 0.2 mM NaGTP, 2.5 mM ATPNa2,
and 10 mM HEPES, pH 7.20 � 0.03, and 290 � 3 mOsm) were used to
patch-clamp neurons. Compensation was applied for neuronal capaci-
tance and series resistance (maintained �10 M�). In current-clamp
mode, rheobase current (i.e., the minimum current adequate to induce
an action potential during sustained depolarization) was determined
using stepwise square pulse current injections. In voltage-clamp mode,
mechanically induced currents were elicited using a 1–2 �m tip borosili-
cate glass pipette driven by a piezo stack actuator (PA25, PiezoSystem)
with a velocity of 106.25 �m/ms. Neurons were stimulated with increas-
ing mechanical displacements (1.7 �m/V, 200 ms duration) every 60 s.
CGRP� �/Arch � neurons were targeted by selecting only the GFP �

cells, which tagged Arch. Therefore, only DRGs from Cre � animals were
used to identify and patch only CGRP� � cells. Treatment (light off or
on) was randomized between cells. Different neurons were used for each
light treatment due to neurons dying upon the final mechanical stimu-
lation. For the light on condition, neurons were exposed to the micro-
scope light at maximum power and 590 nm LED (5 � 0.2 mW) for a
continuous 60 s before recording and during the recording period. Con-
tinuous light stimulation of Arch does not result in desensitization of the
chloride pump (Chow et al., 2012b; Daou et al., 2016; El-Gaby et al.,
2016; Wiegert et al., 2017). The microscope light was turned off at least
60 s before and during recordings for the light off condition. Recordings
were made using an EPC9 amplifier (HEKA Electronics) and Pulse soft-
ware (HEKA Electronics).

Behavior. For all assays, animals were tested between 9:00 A.M. and
3:00 P.M. and habituated in individual Plexiglas enclosures for 1 h before
testing. The experimenter was blinded to genotype and treatment of the
animals throughout data collection and analyses. Mice 8 –18 weeks of age
were used. For LED treatment, the 590 nm LED (17.5 mW; Thorlabs,
# M590L3) or control 490 LED (21.6 mW; Thorlabs, # M490L4) was
shone on the plantar surface of the hindpaw through the mesh or glass
used to test mechanical thresholds or thermal latencies continuously for
30 s before and throughout testing. Total time of stimulation was �2
min. For CGRP8 –37 (Tocris Bioscience, #1169) inhibitor administration,
20 �l of 1� PBS or 533.16 �M of CGRP8 –37 (Hsieh et al., 2012a; Ishida et
al., 2014) was subcutaneously injected into the plantar hindpaw of mice
45 min before testing. The site of stimulus (mechanical or thermal) ap-
plication to the hindpaw skin varied depending upon the injury model.
For SNI, the stimuli were applied to the lateral aspect of the hindpaw
because this area is anatomically where the sural nerve innervates and is
the most sensitive after spared sural SNI (Swett and Woolf, 1985; De-
costerd and Woolf, 2000). For the postoperative pain model, the stimuli
were applied to the medioposterior aspect of the hindpaw because this is
the most sensitive area after perioperative incision (Brennan et al., 1996).
For sham and injury model mice, the stimuli were applied to the ipsilat-
eral hindpaw. Flaring of the toes and lifting, flicking, licking, and biting of
the stimulated paw were all considered positive responses.

Mechanical threshold sensory testing (von Frey up-down assay). Cali-
brated von Frey monofilaments ranging from 0.09 to 19.6 mN were
applied to the plantar hindpaw, and the 50% withdrawal thresholds were
determined using the up-down method (Dixon, 1980; Chaplan et al.,
1994).

Noxious mechanical sensory testing. The beveled tip of a spinal needle
was applied to the plantar hindpaw surface 10 times with at least 10 s
between each stimulation (Hogan et al., 2004; Garrison et al., 2012). The
needle was applied with enough force to indent, but not puncture, the
skin. The needle indents the skin an average of 0.0725 � 0.0066 mm
(mean � SD). Responses were categorized into normal (lifting the paw
and flaring of the toes), hyperalgesic (biting, licking, flicking the paw), or
no response (Garrison et al., 2012; Moehring et al., 2016).

Low threshold punctate mechanical testing. The frequency of with-
drawal to a punctate light force was determined using a 0.68 mN von Frey
monofilament (Garrison et al., 2012; Moehring et al., 2016). The mono-
filament was applied to the plantar hindpaw 10 times with at least 10 s
between each stimulation and the number of responses was recorded
(Garrison et al., 2012).

Dynamic light mechanical sensory testing. A cotton swab and a soft
bristled paintbrush were used to measure responsiveness to a dynamic
light stimulus. Either a puffed out cotton swab (puffed to at least 3 times
the normal size) or a soft bristled paintbrush was swept from heel to toe
on the plantar hindpaw 10 times with 10 s between each stimulation and
the number of responses was recorded (Garrison et al., 2012, 2014; Duan
et al., 2014; Moehring et al., 2016).

Hargreaves test. Heat sensitivity was measured using the Hargreaves
assay as previously established (Hargreaves et al., 1988; Jackson et al.,
1995; Barabas and Stucky, 2013). Withdrawal latencies to a radiant heat
source (IITC, Life Sciences Instruments) were recorded 3 times for each
light treatment (590 and 490 nm LEDs) with a cutoff of 20 s. The 3
withdrawal latencies for each light treatment were averaged for each
animal.

Cold plantar assay. Cold sensitivity was measured using the cold plan-
tar assay as previously described (Brenner et al., 2012) with modifica-
tions. Powdered dry ice was packed into a 10 ml syringe that had the tip
cutoff and that had 3, 18 gauge, holes on two opposing sides. Compressed
dry ice was applied to 2.5-mm-thick glass beneath the plantar surface of
the hindpaw. Withdrawal latencies were recorded 3 times for each light
treatment (590 and 490 nm LEDs) with a cutoff of 20 s. The 3 withdrawal
latencies for each light treatment were averaged for each animal.

Analgesic place preference for spontaneous pain. A Plexiglas two cham-
ber box (32.5 � 21.5 � 30.5 cm) was used to analyze nonevoked behav-
ior. The two chambers were divided by an opaque black Plexiglas wall
with a 5.1 � 5.1 cm passageway between the two chambers. Each cham-
ber rested on a Plexiglas floor under which LED light strips (595 nm,
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351.8 �W; Environmental Lights catalog amber3528-120-10-reel or 460
nm, 54.3 �W; Environmental Lights catalog blue3528-120-10-reel) were
mounted. LED power was controlled by a 60 W 12 VDC adapter with a
dimming knob (Environmental Lights catalog Adapter-60-12D-NA).
Chambers (e.g., baseline light aversion) were balanced by placing a trans-
parent black Plexiglas sheet on top of the 460 nm LED side. Animals were
allowed to freely roam between chambers throughout the 30 min exper-
iment. During the first 5 min, floor lights were off, LEDs were then
turned on for the next 5 min (continuous light stimulation); this 5 min
on/5 min off pattern was repeated over the 30 min trial (3 off/on trials)
for each mouse. The mouse was continuously tracked and behavior was
analyzed using Anymaze software (Stoelting). For the incisional pain
model, both plantar hindpaws were incised to produce robust behavioral
responses since incised animals are not as hypersensitive as SNI animals
to stimuli. Mobility of mice 1 and 2 d following incision was not signifi-
cantly affected compared with mobility of mice following unilateral SNI
surgery (data not shown: two-way ANOVA with a Tukey post test; sur-
gery: F(2,112) 	 0.1852, p 	 0.8312).

Experimental design and statistical analysis. Because no significant dif-
ferences between males and females were found for any assay, the data
from animals of both sexes were combined. Statistical significance was
calculated using Prism 7 Software (GraphPad) and SPSS Statistics (IBM)
for all experiments. A biostatistician was consulted for statistical analyses
of datasets. All graphs represent mean � SEM.

IF. For IF studies, there were 3 animals per genotype (CGRP-Arch Cre�

and Cre�). Three were male and 3 were female. Mice were 8 –16 weeks
old. For quantification of staining, 5–11 representative images were cho-
sen per animal. A two-tailed unpaired t test was used to determine sta-
tistical significance.

Patch-clamp electrophysiology. For patch-clamp studies, neurons were
used if they had a leak current �300 pA. Data were analyzed using Pulse
or Fitmaster software (HEKA Electronics). The time constants of inacti-
vation (�) for each mechanically induced inward current were obtained
from the decay kinetics. � was used to categorize neurons into rapidly
adapting (RA, � �10 ms), intermediately adapting (IA, 10 ms � � �30
ms), or slowly adapting (SA, � 
30 ms). Neurons were considered to be
mechanically insensitive (MI) if they did not respond to at least 3 focal
mechanical probing stimulations with an inward current amplitude of
�20 pA to any stimulation. Six naïve male mice were used (n 	 38 – 40
cells), and 12 male mice were used for SNI (n 	 28 cells). Mice were
20 –24 weeks old.

Naïve behavior with optogenetics. The same cohort of animals were
used for all assays (mechanical threshold, Hargreaves, and cold plantar)
with at least 1 h of recovery between assays. A total of 9 animals were used
per group (Cre� and Cre�). Nine were male and 9 were female. A two-
way repeated-measures ANOVA with Tukey post hoc was used to deter-
mine statistical significance for each assay.

SNI and incision behavior with optogenetics. The same animals were
used for all behavioral assays (mechanical threshold, Hargreaves, and
cold plantar) within a given injury model, with at least 1 h recovery
between assays. A total of 9 animals were used per group (CGRP-Arch
Cre� and Cre�). Nine were male and 9 were female. A three-way ANOVA
with a Tukey or Sidak post hoc was used to determine statistical signifi-
cance for each assay and injury model. A separate group of animals was
used for noxious mechanical, punctate light mechanical, and dynamic
light mechanical assays. A total of 10 mice per genotype (CGRP-Arch
Cre� and Cre�) and treatment (sham or SNI) were used. Ten were male
and 10 were female. A three-way ANOVA with a Tukey or Sidak post hoc
was used to determine statistical significance for each assay. To perform
the analgesic place preference assay, 9 CGRP-Arch Cre� mice and 10
CGRP-Arch Cre� mice that all received SNI surgery were used. A two-
way repeated-measures ANOVA with a Tukey post hoc was used to de-
termine statistical significance.

SNI and incision behavior with CGRP8 –37 inhibitor. The same animals
were used for all assays (mechanical threshold, Hargreaves, and cold
plantar) within a given injury model. A total of 8 animals were used per
group (sham/surgery and PBS/CGRP8 –37). Adult 8-week-old C57BL/6J
mice were used at the start of these experiments. For each treatment
group, 4 mice were female and 4 mice were male. A three-way ANOVA

with a Tukey or Sidak post hoc was used to determine statistical signifi-
cance for each assay and injury model.

Results
Histological verification of CGRP�-Arch mouse model
To selectively express Arch tagged with GFP in CANs, Ai35D and
CGRP� CreER (Song et al., 2012) mouse lines were mated to pro-
duce CGRP� Cre� Arch/Arch (Cre�) and CGRP� Cre� Arch/
Arch (Cre�) littermates (Fig. 1A,B). Importantly, CGRP� is
expressed only in sensory neurons and CNS neurons (Assas et al.,
2014; Russell et al., 2014; Hay et al., 2018); therefore, other pe-
ripheral cell types would not be affected by the optogenetic inhi-
bition. Five repeated tamoxifen injections within 1 week were
used to induce Cre activation and subsequent Arch expression in
CANs (Fig. 1A). Arch activation (peak photocurrent between 550
and 600 nm) results in outward pumping of H� ions, which
ultimately leads to hyperpolarization of the cell membrane
(Chow et al., 2010). Thus, using this mouse line, we were able to
transiently inhibit CANs with 550 – 600 nm light while leaving
neuronal circuits intact.

IF was used to confirm that Arch expression was restricted to
CANs. Compared with Cre� littermates, Cre� mice exhibited
high Arch expression in the DRG and skin (Fig. 1C–H). Arch was
expressed in �95% of Cre� DRG CANs (Fig. 1F–H, quantified in
Table 1, unpaired t test, p � 0.0001). As expected, Arch� fibers
and CGRP-IR colocalized in Cre� skin as well (Fig. 1I–N). Over-
all, these data indicate that the majority of CANs express Arch in
adult Cre� mice, while the expression is minimal in Cre� mice.

Inhibition of peripheral CAN terminals alters thermal
detection in naïve animals
To determine whether transient inhibition of intact CAN termi-
nals in the hindpaw would affect mechanical and thermal detec-
tion in uninjured naïve animals, we stimulated one plantar
hindpaw with 590 nm (Arch-selective) (Chow et al., 2010) or 490
nm (control) light during mechanical and thermal behavioral
testing. First, we tested the contributions of CAN terminals to
mechanosensation using the von Frey up-down method to test
mechanical thresholds (Dixon, 1980; Chaplan et al., 1994). Nei-
ther 590 nm nor 490 nm light affected paw withdrawal thresholds
in Cre� or Cre� mice (Fig. 2A; two-way repeated-measures
ANOVA with a Sidak post test; genotype and light: F(1,16) 	
0.3688, p 	 0.5522). Next, we tested whether cold sensitivity was
altered using the cold plantar assay (Brenner et al., 2012). Opto-
genetic inhibition of CAN terminals in Cre� mice decreased
withdrawal latencies (i.e., increased the baseline cold sensitivity)
by twofold; no change in cold sensitivity was noted in Cre� mice
with 590 nm light or in either genotype during 490 nm light
exposure (Fig. 2B; two-way repeated-measures ANOVA with a
Sidak post test; genotype and light: F(1,16) 	 64.46, p � 0.0001).
Finally, we tested heat sensitivity using the Hargreaves assay. Op-
togenetic inhibition of CAN terminals in Cre� mice increased the
heat paw withdrawal latency by twofold (i.e., decreased the base-
line heat sensitivity); similar exposure to 590 nm light had no
effect in Cre� mice. The 490 nm control light had no effect on
Cre� or Cre� animals (Fig. 2C; two-way repeated-measures
ANOVA with a Sidak post test; genotype and light: F(1,16) 	
213.9, p � 0.0001). Together, these data indicate that CANs are
essential for peripheral heat detection and are also critical for
tonically suppressing the perception of peripheral cold stimuli at
the level of the spinal cord (McCoy et al., 2013), but CANs do not
mediate the transmission of mechanical stimuli in the naïve un-
injured state.
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Figure 1. Generation of mouse expressing Arch-GFP selectively in CANs. A, CGRP�-CreER was induced with tamoxifen injections given once a day for 5 consecutive days in adult mice (8�weeks).
All experiments were performed at least 7 d after the last tamoxifen injection. B, Left, Schematic of CGRP�-CreER induction and removal of floxed stop codon, which subsequently drives the
expression of Arch-GFP in CANs. Right, Arch is a proton pump that when activated by 590 nm light, pumps H � ions out of the cell, and thereby hyperpolarizes the cell. C–H, Representative confocal
images of lumbar DRG from CGRP-Arch Cre� mice (C–E) and Cre� mice (F–H ) stained with a CGRP� antibody (red) and excited Arch-GFP (green) with a 488 laser. Dotted line indicates border of
DRG. C, F, Similar immunoreactivity was observed for CGRP� in both Cre� (C) and Cre� (F ) animals. D, G, Whereas negligible fluorescence was observed for Arch-GFP in Cre� animals (D), Arch�
fibers were observed throughout the DRG in Cre� animals (G). E, H, Merged images showed no overlap between CGRP� and Arch-GFP in Cre� animals (E), but significant overlap in Cre� animals
(H ). I–N, Representative confocal images of glabrous skin from CGRP-Arch Cre� mice (I–K ) and Cre� mice (L–N ) stained with a CGRP� antibody (red) (Figure legend continues.)
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Inhibition of peripheral CAN terminals alleviates evoked and
spontaneous neuropathic pain
After determining the role of CANs in the noninjured setting, we
aimed to uncover their roles after nerve injury. Because cutane-
ous CANs first degenerate peripherally and then sprout abnor-
mally following SNI (Duraku et al., 2012; Nascimento et al.,
2015), it is possible that the anatomical presence of these fibers
may be important in driving SNI-induced hypersensitivity. SNI
typically causes hypersensitivity to evoked mechanical, cold, and
heat cutaneous stimulation (Decosterd and Woolf, 2000; De-
costerd et al., 2004; Duraku et al., 2012; Smith et al., 2013). There-
fore, we assessed mechanical and thermal sensation before and
after SNI surgery in Cre� and Cre� mice in the presence of 590 or
490 nm light.

SNI produced a rapid decrease in mechanical threshold by 6
and 24 h that lasted at least 8 weeks. The early hypersensitivity
observed at 6 and 24 h was not reversed by 590 nm light. Inter-
estingly, by 1 week after SNI, 590 nm light exposure of Cre�

animals caused a partial reversal of the mechanical hypersensitiv-
ity, and the hypersensitivity continued to be transiently reversed
for at least 8 weeks following SNI. This phenomenon was not
observed in Cre� control animals (Fig. 3A; three-way ANOVA
with a Tukey post test; time: F(6,252) 	 121.7, p � 0.0001; geno-
type and light: F(1,252) 	 37.89, p � 0.0001). Further, SNI also
induced chronic allodynia to punctate light touch (measured at
10 weeks after SNI), and this sensitization was fully reversed by
treatment with 590 nm light in Cre� mice (Fig. 3B; three-way
ANOVA with a Tukey post test; surgery: F(1,72) 	 315.8, p �
0.0001; genotype and light: F(1,72) 	 29.64, p � 0.0001). More-
over, SNI induced chronic allodynia to dynamic light mechanical
stimulation (measured at 3 and 10 weeks after SNI). However,
unlike punctate allodynia, the dynamic mechanical allodynia was
not affected by inhibition of CAN terminals (Fig. 3C–E; three-
way ANOVA with a Tukey post test; Fig. 3C: surgery: F(1,56) 	
140.1, p � 0.0001; genotype and light: F(1,56) 	 0.09211, p 	
0.7626; Fig. 3D: surgery: F(1,56) 	 60.15, p � 0.0001; genotype and
light: F(1,56) 	 0.3559, p 	 0.5532; Fig. 3E: surgery: F(1,72) 	 20.61,
p � 0.0001; genotype and light: F(1,72) 	 1.288, p 	 0.2601). Next,
we tested mechanical stimuli that we are confident are noxious by
probing the hindpaw with the tip of a spinal needle. SNI increased
the frequency/percentage of hyperalgesic responses to punctate

4

(Figure legend continued.) and excited Arch-GFP (green). Dotted line indicates epidermal/
dermal border. I, L, CGRP� immunoreactivity was observed throughout neurons of the skin in
Cre� (I) and Cre� (L) animals. J, M, No Arch� fibers were observed in Cre� mice (J), but many
Arch� fibers were observed in the skin of Cre� animals (M). K, N, Merging showed no overlap
between CGRP� and Arch-GFP in Cre� animals (K), but significant overlap in Cre� animals (N).
Inset, Image of skin at 6� lower magnification. Open arrows indicate examples of CGRP� and
Arch-GFP overlapping expression. Scale bar, 25 �m. DRG marker quantification is shown in
Table 1.

Figure 2. Effects of transient inhibition of CANs in naïve animals. A, Mechanical threshold
sensory testing was done using the von Frey up-down method. There was no change in me-
chanical threshold with either control 490 nm ( p 	 0.5449) or Arch-activating 590 nm ( p 	
0.9852) light treatment of CGRP-Arch Cre� and Cre� animals. B, Cold plantar testing was done
using the cold plantar assay to determine withdrawal latencies to noxious cold. Inhibition of
CANs with 590 nm light increased cold sensitivity only in Cre� animals (****p � 0.0001),
whereas 490 nm light had no effect on cold sensation ( p 	 0.9385). C, Hargreaves paw with-
drawal testing was done using a radiant heat source shone on the plantar hindpaw. Inhibition of
CANs with 590 nm light decreased heat sensitivity only in Cre� animals (****p � 0.0001),
whereas 490 nm light had no effect on heat sensitivity ( p 	 0.5686). Blue background repre-
sents 490 nm light treatment. Amber background represents 590 nm light treatment. Data are
mean � SEM and analyzed using two-way repeated-measures ANOVA; n 	 9
animals/genotype.

Table 1. DRG neuron marker quantificationa

% of CGRP � (Arch/CGRP)

Cre � Cre�

0.000 � 0.000 (0/372) 94.520 � 0.591 * (508/539)
aArch � fibers and CGRP antibody staining in DRGs overlap extensively. Counts were from sections of lumbar 1– 6
DRG from CGRP-Arch Cre� and Cre� animals (5–11 representative sections per animal, n 	 3 per genotype). The
percentage of Arch-GFP �, CGRP � neurons was calculated for Cre� and Cre� animals. Cre� animals did not
express Arch-GFP, whereas Arch � fibers extensively overlapped with CGRP antibody staining in Cre� animals. The
exact number of neurons counted for each animal is shown in parentheses below the percentage. Percentages are
mean � SEM.

*p � 0.0001 (unpaired t test).
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Figure 3. Effects of CAN inhibition on mechanical sensitivity following nerve injury. A, Longitudinal measurements of von Frey thresholds were recorded at baseline (BL, uninjured) and 6 h
through 8 weeks after SNI. Animals became hypersensitive to von Frey testing following SNI starting at 6 h and lasting at least 8 weeks. Treatment with 590 nm light partially reversed the mechanical
hypersensitivity beginning 1 week after SNI and lasted 8 weeks. Vertical red dashed line indicates when SNI surgery was performed. B, Light punctate mechanical sensory testing was tested 10 weeks
following SNI using repeated application of a 0.68 mN von Frey filament. SNI animals were hypersensitive to the 0.68 mN von Frey stimulus compared with sham animals. The 590 nm light treatment
completely reversed the hypersensitivity in Cre�, but not Cre�, animals. C, Dynamic light mechanical sensory testing was performed 3 weeks after SNI using a paintbrush. Responses to repeated
paintbrush swiping are expressed as percentage of total number of responses over the number of times tested. SNI animals were hypersensitive to the dynamic paintbrush stimulus compared with
sham animals. Treatment with 590 nm light had no effect on Cre� or Cre� animals. D, E, Dynamic light mechanical sensory testing was tested 3 weeks (D) and 10 weeks (E) after SNI using the cotton
swab assay. Responses to repeated cotton swab swiping are expressed as percentage of total number of responses over the number of times tested. SNI animals were hypersensitive to the dynamic
stimulus compared with sham animals. Treatment with 590 nm light had no effect on Cre� or Cre� animals. F, Noxious mechanical sensory testing was performed 10 weeks after SNI by applying
a spinal needle to the lateral plantar hindpaw. Normal, hyperalgesic, and no responses are expressed as percentage of total number of responses over the number of times tested. Left, Cre� animals,
where SNI animals displayed more hyperalgesic responses to the needle compared with sham animals and light treatment had no effect on their responses. Right, (Figure legend continues.)
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probing with a needle tip (measured at 10 weeks after SNI).
Treatment with 590 nm light produced a striking shift of hyper-
algesic responses to normal responses in Cre� mice only (Fig. 3F;
Cre� three-way ANOVA with a Tukey post test; surgery and re-
sponse: F(2,108) 	 63.12, p � 0.0001; light and response: F(2,108) 	
27.79, p � 0.0001. Cre� three-way ANOVA with a Tukey post
test; surgery and response: F(2,108) 	 137.9, p � 0.0001; light and
response: F(2,108) 	 2.282, p 	 0.1069). Therefore, inhibition of
CANs after nerve injury results in decreased chronic mechanical
hypersensitivity in response to all intensities and types of punc-
tate force but does not affect dynamic mechanical stimulation.

We next investigated responses to cold because individuals
with neuropathic pain report higher cold-provoked pain scores
(Rasmussen et al., 2004) and animals with nerve injury display
increased responses to cold stimulation (Decosterd and Woolf,
2000; Nascimento et al., 2015). Unlike the immediate mechanical
hypersensitivity, SNI produced a delayed cold hypersensitivity
that developed by 2 weeks and lasted at least 8 weeks after SNI. In
complete contrast to baseline (naïve), where Arch activation (in-
hibition) of CANs induced cold hypersensitivity, at 6 and 24 h
after SNI, exposure of Cre� animals to 590 nm light induced
pronounced cold hyposensitivity. By 3 weeks following SNI, 590
nm light reversed the hypersensitivity to the cold stimulus, and
the reversal lasted at least 8 weeks in Cre� animals (Fig. 4A; three-
way ANOVA with a Tukey post test; F(9,360) 	 40.09, p � 0.0001;
genotype and light: F(1,360) 	 45.23, p � 0.0001). Therefore, in-
hibition of CANs following nerve injury results in specific me-
chanical and cold phenotypes that differ markedly from the
phenotypes observed following CAN inhibition in noninjured,
naïve animals.

Because individuals with neuropathies also report greater
heat-evoked pain (Koltzenburg et al., 1994; Rowbotham and
Fields, 1996; Colleoni and Sacerdote, 2010), we next tested heat
sensitivity in our SNI mice. Previous studies have shown that
animals are hypersensitive to heat stimuli by 2 weeks after SNI
(Decosterd and Woolf, 2000; Baliki et al., 2005; Duraku et al.,
2014). Here, animals displayed delayed heat hypersensitivity in
the form of decreased withdrawal latencies to a radiant heat
source by 2 weeks following SNI, and the hypersensitivity lasted
at least 8 weeks after SNI. Treatment with 590 nm light resulted in
immediate heat hyposensitivity, which included elimination of
all SNI-induced heat hypersensitivity at each time point (2– 8
weeks after SNI) in Cre� animals (Fig. 4B; three-way ANOVA
with a Tukey post test; F(6,252) 	 35.02, p � 0.0001; genotype and
light: F(1,252) 	 1128, p � 0.0001). Importantly, the effects of 590
nm light were not observed in Cre� control animals or in either
genotype during the control 490 nm light exposure for any of the
behavior assays tested (Figs. 3A–F, 4A,B). These data are consis-
tent with those observed in uninjured naïve animals and indicate
that CANs are essential for all heat detection under both naïve
and nerve injury conditions.

Because individuals with neuropathic pain report greater su-
perficial, cutaneous ongoing spontaneous pain scores than indi-
viduals without neuropathic injuries (Rasmussen et al., 2004;
Truini et al., 2013; Lax et al., 2014), we assessed nonevoked spon-
taneous pain in freely moving Cre� and Cre� mice. We devel-
oped a real-time place preference assay in which CGRP-Arch
animals underwent SNI and 10 weeks later, were given the choice
of spending time on a 595 nm or a 460 nm LED floor (Fig. 4C).
Here we used an alternating off/on paradigm, where the LED
floor was turned off for 5 min then turned on for 5 min (1 bin);
this sequence was repeated for a total of 30 min (3 bins overall).
The animals had no preference for a side when the lights were off.
When the lights were on, during the first 2 bins, Cre� animals
trended to prefer the 595 nm side of the box and by the third bin,
a significant preference for the 595 nm floor developed (Fig. 4D;
two-way repeated-measures ANOVA with a Tukey post test; ge-
notype and light: F(5,85) 	 2.957, p 	 0.0165). When data from all
bins were averaged together, Cre� animals spent more time in the
595 nm floor-paired chamber when the light was on compared
with when the light was off. Additionally, Cre� mice also spent
more time in the 595 nm chamber than Cre� animals during the
light on bins (Fig. 4E; two-way repeated-measures ANOVA with
a Sidak post test; genotype and light: F(1,17) 	 11.59, p 	 0.0034).
These findings suggest that sensitization of peripheral fibers is
necessary for ongoing spontaneous pain and that CANs play a
significant role in maintaining SNI-induced spontaneous pain
behavior.

SNI increases mechanically evoked currents in isolated CANs,
and optogenetic inhibition of these neurons reverses the
mechanical sensitization
There is a paucity of studies that have investigated whether pri-
mary afferent neurons are sensitized to mechanical stimuli after
peripheral nerve injury. A previous study from our laboratory
showed that peripheral terminals of C and A� nociceptors are
sensitized to mechanical stimuli (Smith et al., 2013). To our
knowledge, no studies have assessed the mechanical response
properties of the somata of sensory neurons in any nerve injury
paradigm. To address this, we used whole-cell patch-clamp elec-
trophysiology together with focal mechanical probing of the
soma membrane. DRG neurons from only Cre� animals were
used to identify and patch CGRP�� cells because Cre� animals
express Arch-GFP in CANs. First, the electrophysiological prop-
erties of lumbar DRG CANs that projected to the sciatic nerve
from uninjured naïve animals and from animals 16 weeks after
SNI were determined with and without light treatment. No dif-
ferences in the resting membrane potential of CAN somata were
found after SNI compared with naïve DRG neurons with the light
off. As expected, because Arch is an outward-rectifying proton
pump, the application of 590 nm light significantly decreased the
resting membrane voltage of both naïve and SNI Arch� neurons
on average by 5.5 mV compared with light off conditions; these
data indicate that Arch is functional in CAN somata (Fig. 5A;
two-way ANOVA with a Sidak post test; surgery: F(1,130) 	 3.09,
p 	 0.0811 light: F(1,130) 	 22.28, p � 0.0001). In addition to
resting membrane potential, the rheobase current, a measure of
action potential threshold, was recorded. No differences in rheo-
base were found between naïve and SNI neurons with the light
off. However, exposure of naïve and SNI Arch-expressing CANs
to 590 nm light increased their rheobase by more than twofold
(Fig. 5B; two-way ANOVA with a Sidak post test; light: F(1,131) 	
0.6471, p � 0.4226; surgery: F(1,131) 	 29.59, p � 0.0001). These
data confirm that the 590 nm light functionally activates Arch in
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(Figure legend continued.) Cre� animals, where SNI animals displayed more hyperalgesic
responses to the needle compared with sham animals, similar to Cre� animals. Unlike Cre�

animals, 590 nm light treatment of SNI Cre� animals exhibited responses similar to sham levels.
A–F, Black asterisks indicate significant differences between 490 and 590 nm light treatment in
Cre� animals. Red asterisks indicate significant differences between BL/sham and post-SNI
hypersensitivity. Blue background bars represent 490 nm light treatment. Amber background
bars represent 590 nm light treatment. Hr, hours; Wk, weeks. n 	 10/genotype and surgery.
Data are mean � SEM and analyzed using three-way ANOVA. ****p � 0.0001, **p � 0.005,
*p � 0.05. ns, Not significant ( p 
 0.05).
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Figure 4. Effects of CAN inhibition on thermal sensitivity and spontaneous pain following nerve injury. A, Longitudinal measurement of cold sensitivity before and after SNI using the cold plantar
assay. Hypersensitivity to the cold stimulus occurred 2 weeks after SNI and lasted 8 weeks. Treatment of Cre� animals with 590 nm light-induced cold hyposensitivity at 6 and 24 h after SNI, and
partially reversed cold hypersensitivity beginning by 3 weeks after SNI and lasting 8 weeks. B, Longitudinal measurement of sensitivity to a radiant heat source before and after SNI using the
Hargreaves paw withdrawal assay. Hypersensitivity to the heat stimulus occurred 2 weeks after SNI and lasted 8 weeks. Treatment of Cre� animals with 590 nm light-induced heat hyposensitivity
immediately at BL and lasted 8 weeks following SNI. A, B, Vertical red dashed line indicates the time point that SNI surgery was performed; n 	 10 animals/genotype and surgery. Black asterisks
indicate significant differences between 490 and 590 nm light treatment in Cre� animals. Red asterisks indicate significant differences between BL and post-SNI hypersensitivity. Blue background
bars represent 490 nm light treatment. Amber background bars represent 590 nm light treatment. Hr, hours; Wk, weeks. Data are mean � SEM and analyzed using three-way ANOVA. ****p �
0.0001, ***p � 0.0005, **p � 0.005, *p � 0.05. ns, Not significant ( p 
 0.05). C, Diagram represents the real-time place preference setup, where at 10 weeks after SNI, Cre� and Cre� animals
were allowed to choose to spend time in a chamber with a floor lit with either 595 and 460 nm light. The lights were off for 5 min and then turned on for 5 min; (Figure legend continues.)
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the somata of CANs and significantly decreases their electrical
excitability.

Because we found that, on the behavioral level, the mechanical
sensitization in SNI animals could be reversed by 590 nm light,
we next asked whether the mechanical responsiveness of Arch-
positive lumbar CAN DRG from naïve and SNI mice could also
be altered by 590 nm light stimulation. No differences were found
in the mechanical thresholds between naïve uninjured and SNI
CAN somata with the light off. However, optogenetic activation
of Arch increased the mechanical indentation thresholds of both
the naïve and SNI CAN somata (Fig. 5C; two-way ANOVA with
a Sidak post test; surgery: F(1,115) 	 2.512, p 	 0.1157; light:
F(1,115) 	 17.72, p � 0.0001), thereby decreasing mechanical sen-
sitivity of the soma membrane. Furthermore, the current densi-
ties in response to incremental mechanical probing were
significantly larger in the SNI CAN somata than the naïve CAN
somata (without light treatment), a finding that indicates that the
SNI model in vivo sensitized the primary afferent neurons to
mechanical stimuli at the level of the soma membrane (Fig. 5D,
red line; mixed-model analysis with a Sidak post test; stimulus,
surgery, and light: F(21, 425.477) 	 3.015, p � 0.0001). Of note, this
sensitization was long lasting and a phenotype of the neuron. The
cellular mechanical sensitization was present 16 weeks following
nerve injury and was present in somata that had been removed
from the animal for 18 –24 h as well as dissociated from their
peripheral processes. Consistent with our behavioral data, which
showed no effect of Arch activation on behavioral mechanical
thresholds in naïve animals, Arch activation in isolated somata
did not affect the naïve CAN somata current density in response
to incremental mechanical probing (Fig. 5D, light gray line).
However, Arch activation completely reversed the amplified me-
chanical current densities in SNI CAN somata back to naïve,
noninjury levels (Fig. 5D, orange line). Example traces for cur-
rents in response to mechanical stimulation during light off and
on conditions are shown in Figure 5E. These results show that the
somata of lumbar CAN DRG are sensitized to mechanical stimuli
as long as 16 weeks after SNI, that this sensitization persists in
neurons isolated from the animal, and that this mechanical sen-
sitization is fully reversed by Arch activation. Therefore, these
data support our behavioral data in Figure 2 and our hypothesis
that sensitization of peripheral fibers is required for chronic SNI-
induced hypersensitivity.

To further characterize the functional changes that occur in
CAN somata after SNI (16 weeks), we studied the current kinetics
of both naïve and SNI CAN DRG neurons in the absence and
presence of 590 nm light. SNI also altered the type of current
kinetics displayed in response to focal mechanical probing (no
light exposure). Unexpectedly, CANs from SNI animals no lon-
ger displayed IA currents and had a trend toward decreased MI
currents (i.e., more mechanically responsive currents in total),
but had no significant change in SA or RA currents compared

with naïve neurons (Fig. 5F; Fisher’s exact test, IA: p 	 0.2559;
MI: p 	 0.2820; SA: p 	 0.1443; RA: p 
 0.9999). With Arch
stimulation, the current kinetics of naïve CANs were unaltered
(Fig. 5F; Fisher’s exact test, IA: p 
 0.9999; MI: p 	 0.4243; SA:
p 
 0.9999; RA: p 	 0.3754). Surprisingly, the current kinetics of
CANs from SNI animals were significantly altered by Arch acti-
vation; with brief 590 nm light exposure, the IA currents reap-
peared at levels that were not significantly different from those in
naïve CANs with or without 590 nm light exposure. In addition,
there was also a trend for decreased SA currents in SNI neurons
during Arch activation. However, the proportion of MI and RA
currents was unchanged in SNI CANs exposed to 590 nm light
(Fig. 5F; Fisher’s exact test, SNI light off vs SNI light on: IA: p 	
0.0232; MI: p 
 0.9999; SA: p 	 0.2047; RA: p 
 0.9999). Overall,
these functional data in primary sensory somata correspond well
with our behavioral data in Figures 2A and 3A–F, which demon-
strated that CANs convey punctate mechanical sensitivity after
chronic nerve injury. Furthermore, we demonstrate, for the first
time, that peripheral nerve injury is capable of sensitizing the
membrane of primary sensory neurons to mechanical stimuli,
and this sensitization persists for at least 24 h when neurons are ex
vivo. This finding at the DRG soma membrane level, together
with the finding that suprathreshold mechanical stimulation of
nociceptor terminals in skin-nerve preparations from mice with
SNI results in increased firing compared with sham preparations
(Smith et al., 2013), suggests that peripheral sensitization of pri-
mary afferent neurons is a potentially significant driver of the
chronic mechanical hypersensitivity that follows nerve injury.

Peripheral CAPS is not required to maintain
neuropathic pain
We have demonstrated that CANs are critical for SNI-mediated
hypersensitivity because �30 s of CAN inhibition with 590 nm
light repeatedly reversed the chronic SNI-induced mechanical
and thermal hypersensitivity over the longitudinal time course of
1– 8 weeks (Figs. 3A, 4A,B). In addition, CAN inhibition relieved
the SNI-induced ongoing pain (Fig. 4D,E). Of note, the brief
inhibition of CANs we used would not likely be long enough to
inhibit, degrade, or affect the levels of CGRP� peptide that these
CANs might have previously released from their peripheral ter-
minals. Therefore, at this point, we could not rule out the in-
volvement of peripheral CAPS in neuropathic pain.

Peripheral CGRP� peptide levels are elevated after SNI (W.
Ma and Quirion, 2006) and CGRP� fibers and non-neuronal
cells (keratinocytes, blood vessels, mast cells, etc.) express the
CGRP� receptor, CGRP1 (Russell et al., 2014; Iyengar et al., 2017;
Hay et al., 2018). Therefore, it follows that secreted CGRP� could
act on nearby CGRP� neuronal and non-neuronal cells in the
skin to induce hypersensitivity following SNI. To test this, we
locally injected the CGRP1 receptor antagonist CGRP8 –37 at a
concentration known to be effective in other pain models (Hsieh
et al., 2012b; Ishida et al., 2014) or PBS into the plantar hindpaw
of SNI and sham animals weekly 45 min before testing and mea-
sured their responses to mechanical and thermal stimuli at 1, 2,
and 3 weeks after SNI. SNI produced prominent mechanical hy-
persensitivity by 1 week that lasted throughout the 3 weeks of
testing. Peripheral CGRP8 –37 had no effect on mechanical hyper-
sensitivity compared with PBS (Fig. 6A; three-way ANOVA with
a Tukey post test; surgery: F(1,112) 	 244.7, p � 0.0001; drug and
surgery: F(1,112) 	 0.02969, p 	 0.8635). SNI resulted in cold
hypersensitivity by 1 week that lasted at least 3 weeks. Peripheral
CGRP8 –37 administration also had no effect on cold hypersensi-
tivity compared with PBS (Fig. 6B; three-way ANOVA with a
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(Figure legend continued.) this sequence was repeated 3 times for a total of 30 min.
D, Percentage time spent on the 595 nm side of the box during each 5 min bin. By the last 5 min
ON bin, the Cre� animals significantly preferred the 595 nm side of the box compared with light
OFF (*p 	 0.0205) and opposed to Cre� animals ( #p 	 0.0471). E, The time spent on the 595
nm side of the box is represented as percentage of total time (15 min) during the light OFF and
light ON conditions. Cre� animals preferred the 595 nm side of the box when the lights were on
(**p 	 0.0047). Cre� animals had a higher preference for the 595 nm side of the box when the
lights were on compared with the Cre� animals (*p 	 0.0439). D, E, Amber bars represent 595
nm light treatment Data are mean � SEM and analyzed using two-way repeated-measures
ANOVA; n 	 9 for Cre� animals and n 	 10 for Cre� animals.
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Figure 5. SNI increases mechanical responsiveness of CAN somata, which is reversed by Arch activation. Neurons from only the Cre� CGRP-Arch mice were used for these experiments to be able
to specifically identify CANs via their GFP expression. A, Resting membrane potential of naïve (uninjured) and SNI DRG neurons with (right) and without (left) Arch activation. Treatment of naïve
(*p 	 0.0254) and SNI (***p 	 0.0002) neurons with 590 nm light decreased their resting membrane potentials compared with no light treatment. The 590 nm light decreased the resting
membrane potential of the SNI neurons significantly more than naïve neurons (*p 	 0.0474), two-way ANOVA. B, Rheobase (amount of current required to induce an action potential) in naïve and
SNI neurons with (right) and without (left) Arch-activating light treatment. Treatment of naïve (****p � 0.0001) and SNI (**p 	 0.0074) neurons with 590 nm light increased their rheobases
compared with no light treatment, two-way ANOVA. C, Level of mechanical indentation required to elicit an inward current (mechanical threshold) in naïve and SNI neurons with (right) and without
(left) light treatment. Treatment of naïve (*p 	 0.0237) and SNI (*p 	 0.0184) neurons with 590 nm light increased their mechanical threshold compared with (Figure legend continues.)
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Tukey post test; surgery: F(1,112) 	 274.3, p � 0.0001; surgery and
drug: F(1,112) 	 0.6313, p 	 0.4286). Further, heat hypersensitiv-
ity developed 2 weeks following SNI that lasted at least 3 weeks.
This heat hypersensitivity was also not affected by peripheral
CGRP8 –37 or PBS administration (Fig. 6C; three-way ANOVA
with a Tukey post test; surgery: F(1,112) 	 55.33, p � 0.0001;
surgery and drug: F(1,112) 	 0.3206, p 	 0.5724). Therefore, these
data indicate that peripheral CAPS is not required for SNI-
induced hypersensitivity.

Inhibition of CANs has no effect on incisional pain
In the periphery, stimulation of sensory nerve endings can lead to
release of CGRP�, inducing neurogenic inflammation and pain
(Iyengar et al., 2017). The incisional pain model (Brennan et al.,
1996) is widely used to study inflammatory pain in rodents as it is
a model that closely mimics peripheral inflammatory injuries in
humans (Ghasemlou et al., 2015). Therefore, we aimed to inves-
tigate whether CANs drive incision-induced mechanical and heat
hypersensitivity.

The model of incisional pain is known to cause mechanical
and heat hyperalgesia, but not cold hypersensitivity (Brennan et
al., 1996; Pogatzki-Zahn et al., 2005; Zhang et al., 2013). Thus,
mechanical and heat sensitivities were assessed before and after
incision in Cre� and Cre� mice exposed to either 590 or 490 nm
light during testing over a 7 d period. Mechanical hypersensitivity
following incision occurred immediately at 2 h and lasted 5 d
after incision. Inhibition of CANs did not alter the mechanical
sensitivity (Fig. 7A; three-way ANOVA with a Tukey post test;
time: F(8,288) 	 98.64, p � 0.0001; light and genotype: F(1,288) 	
0.7719, p 	 0.3803). Incisional heat hypersensitivity occurred
immediately at 2 h and lasted 6 d after incision. Again, inhibition
of CANs had no effect on heat hypersensitivity. However, 7 d
after incision, when heat sensitivity had recovered to baseline
levels, inhibition of CANs resulted in heat hyposensitivity similar
to that observed at baseline and in uninjured naïve Cre� animals
in Figure 2A (Fig. 7B; three-way ANOVA with a Tukey post test;
time: F(8,288) 	 186.9, p � 0.0001; light and genotype: F(1,288) 	
30.09, p � 0.0001). The Arch-induced heat hyposensitivity by 7 d
is most likely a result of the incision being healed and the hyper-

sensitivity being resolved back to baseline by 7 d (Brennan, 2011;
Barabas and Stucky, 2013; Ghasemlou et al., 2015).

Because mice exhibit spontaneous pain behaviors up to 48 h
following incision (Pogatzki and Raja, 2003; Sahbaie et al., 2014),
we assessed nonevoked spontaneous pain in freely moving Cre�

and Cre� mice before incision (BL) and 1 and 2 d following
incision. We used the same real-time place preference assay as
Figure 4C, where mice were given the choice of spending time on
a 595 nm or a 460 nm LED floor. The same alternating off/on
paradigm as in Figure 4D, E was used, where the LED floor was
turned off for 5 min then turned on for 5 min (1 bin); this se-
quence was repeated for a total of 30 min (3 bins overall). The
animals had no preference for a side regardless of the light treat-
ment (Fig. 7C,E,G; two-way repeated-measures ANOVA with a
Tukey post test; Fig. 7C: genotype and light: F(5,90) 	 0.6153, p 	
0.6884; Fig. 7E: genotype and light: F(5,90) 	 1.866, p 	 0.1082;
Fig. 7G: genotype and light: F(5,90) 	 0.1237, p 	 0.9868). When
data from all bins were averaged together, neither Cre� nor Cre�

animals exhibited a preference for either the 595 or 460 nm floor
(Fig. 7D,F,H; two-way repeated-measures ANOVA with a Tukey
post test; Fig. 7D: genotype and light: F(1,18) 	 0.3849, p 	 0.5428;
Fig. 7F: genotype and light: F(1,18) 	 0.5498, p 	 0.4679; Fig. 7H:
genotype and light: F(1,18) 	 0.2055, p 	 0.6557). Overall, these
results indicate that CANs do not convey the mechanical or heat
hypersensitivity, or spontaneous pain associated with incision.

Peripheral blockade of CAPS alleviates incisional pain
Because brief inhibition of CANs did not alleviate the mechanical
and heat hypersensitivity observed after incision and brief inhi-
bition would not allow sufficient time for the degradation of the
already present CGRP� peptide released after incisional injury,
we next asked whether peripheral CAPS mediates these pain phe-
notypes. Because CAPS is known to drive inflammation (Iyengar
et al., 2017), we hypothesized that blockade of peripheral CAPS
would decrease the mechanical and heat hypersensitivity dis-
played after incision. To test this, the same concentration of
CGRP8 –37 that was used in SNI experiments and that has been
shown to be effective in other pain models (Hsieh et al., 2012a;
Ishida et al., 2014) or PBS was locally injected into the plantar
hindpaw of incision and sham animals daily 45 min before testing
responses to mechanical and heat stimuli. Neither CGRP8 –37 nor
PBS had an effect at baseline. Incisional mechanical hypersensi-
tivity was present 1 d after surgery and lasted 5 d, similar to data
in Figure 6. However, administration of CGRP8 –37 reduced the
mechanical hypersensitivity in incised animals after 3 d of treat-
ment (Fig. 8A; three-way ANOVA with a Tukey post test; surgery:
F(1,224) 	 155.6, p � 0.0001; surgery and drug: F(1,224) 	 8.72, p 	
0.0035). Incision-induced heat hypersensitivity was present 1 d
after incision and lasted 5 d. The heat hypersensitivity was imme-
diately reversed with CGRP8 –37 administration (Fig. 8B; three-
way ANOVA with a Tukey post test; surgery: F(1,224) 	 95.74, p �
0.0001; surgery and drug: F(1,224) 	 41.67, p � 0.0001). These
data indicate that peripheral CAPS is involved in mediating both
mechanical and heat hypersensitivity following perioperative
incision.

Injury does not induce ectopic Arch expression
It has been demonstrated that CGRP IF is significantly increased
in keratinocytes following spinal nerve ligation, sciatic nerve
chronic constriction injury, and Complete Freud’s Adjuvant in
rats (Hou et al., 2011). However, the CGRP isoform (� or �) was
not distinguished because rat anti-CGRP antibodies cannot dis-
tinguish between the isoforms. IF was used to confirm that Arch

4

(Figure legend continued.) no light treatment, two-way ANOVA. D, Log of mechanically
gated current densities in response to a series of 6 increasing indentations of the DRG mem-
brane of naïve neurons during light off (dark gray) and light on (light gray) and SNI neurons
during light off (red) and light on (orange). Treatment of naïve neurons with 590 nm had no
effect. SNI neurons had a greater current density in response to mechanical probing than naïve
neurons. This increase in current density in response to mechanical probing in SNI neurons was
reversed by 590 nm light treatment. Red asterisks indicate significant differences between
naïve and SNI light off. Orange asterisks indicate significant differences between SNI light off
and light on conditions. ***p � 0.0005 (mixed-model analysis). **p � 0.005 (mixed-model
analysis). *p � 0.05 (mixed-model analysis). ns, Not significant ( p 
 0.05). E, Representative
current traces from 2.46 �m indentation of naïve and SNI neurons during light off (left) and
light on (right) conditions indicated by amber background. Amber bar above current traces
during light on conditions (right) represents a continuous duration of light stimulation (60 s
before the mechanical stimulus and throughout the 200 ms mechanical stimulus). F, Current
kinetics in response to mechanical probing of naïve and SNI neurons during light off (left) and on
(right) conditions. SNI neurons with no light treatment did not display IA currents, but SNI
neurons treated with 590 nm light displayed a return of IA currents similar to naïve controls
(*p 	 0.0232). Black outline indicates naïve neurons. Red outline designates SNI neurons.
Analysis was done using 	 2 and Fisher’s exact test. Amber background bars represent Arch-
activating light treatment. Data are mean � SEM. Naïve light off, n 	 38 cells and n 	 3
animals. Naïve light on, n 	 40 cells and n 	 3 animals. SNI light off, n 	 28 cells and n 	 6
animals. SNI light on, n 	 28 cells and n 	 6 animals.
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expression was restricted to CANs and to ensure that the behav-
ioral effects observed from Arch activation were specific to CANs.
Compared with sham Cre� mice, SNI and incision Cre� mice did
not exhibit Arch-GFP expression in keratinocytes (Fig. 9A–L).
Additionally, as expected, Arch� fibers were significantly re-
duced in skin 3 weeks following SNI (Fig. 9F). Overall, these data
indicate that Arch expression is restricted to CANs after injury
similar to sham animals and the behavioral effects observed are
due to inhibition of CANs.

Together, these data suggest that CANs have distinct roles in
neuropathic and incisional pain. Our data indicate that CANs
drive nerve injury-induced evoked mechanical, cold, and heat
hypersensitivity, ongoing spontaneous pain, and are directly sen-
sitized at the membrane level to mechanical stimuli following
nerve injury. CANs do not play a direct role in transmitting
incision-induced mechanical and heat hypersensitivity to the
CNS. In contrast to neuropathic pain, peripheral CAPS plays a
major role in mediating surgical incision-induced inflammatory
pain.

Discussion
Our study demonstrates that intact peripheral CANs are sensi-
tized and drive transmission of SNI-induced persistent mechan-
ical, cold, and heat hypersensitivity, and spontaneous pain to the
spinal cord. In contrast, CANs do not drive the transmission of
incisional pain but instead amplify incisional pain via their pe-
ripheral release of CGRP� and peripheral CAPS (Table 2).

CANs are required for maintenance of chronic pain after
nerve injury
SNI induced pronounced mechanical hypersensitivity by 6 h that
persisted for at least 8 weeks. Optogenetic inhibition of CANs
had no effect at 6 and 24 h after SNI, but by 1 week, partially and
consistently reversed the mechanical hypersensitivity for 8 weeks.
SNI is known to cause denervation of skin and muscle where
CGRP� staining is nearly gone within the first 2 weeks (Duraku et
al., 2012; Nascimento et al., 2015). The lack of effect at early time
points may be due to severely reduced CAN innervation where
the mechanical hypersensitivity is likely mediated by CGRP-
negative fibers that are sensitized by factors released from neigh-
boring injured fibers or support cells (Berta et al., 2014, 2017;
Weaver et al., 2017). The most parsimonious explanation for the
inhibition that begins at 1 week is that spared collateral CANs
reinnervate the hindpaw (Duraku et al., 2012; Nascimento et al.,
2015) and continue to maintain transmission of mechanical neu-
ropathic pain chronically. Our finding, that chronic (10 weeks
after SNI) hypersensitivity to punctate innocuous and noxious
touch was reversed by CAN inhibition but not dynamic stimuli,
suggests that CANs may mediate only punctate chronic neuro-
pathic allodynia (Koltzenburg et al., 1992; La and Chung, 2017).

CANs mediate chronic thermal hypersensitivity following
nerve injury
SNI-induced thermal hypersensitivity developed later than me-
chanical hypersensitivity. Both cold and heat hypersensitivity did

Figure 6. Peripheral CAPS is not required for SNI mechanical and thermal hypersensitivity.
A–C, Mice were administered intraplantar CGRP8 –37 (533 �M) or PBS each test day 45 min
before testing. A, Measurement of paw withdrawal threshold using the von Frey up-down
method. CGRP8 –37 had no effect on mechanical hypersensitivity in SNI animals or sham con-
trols. B, Measurement of cold sensitivity using the cold plantar assay. CGRP8 –37 had no effect on
the SNI-induced cold hypersensitivity in SNI or sham animals. C, Measurement of sensitivity to
a radiant heat source using the Hargreaves paw withdrawal assay. CGRP8 –37 had no effect on

4

heat hypersensitivity in SNI or sham animals. Vertical red dashed line indicates when SNI sur-
gery was performed. Red asterisks indicate significant differences between naïve and SNI sur-
gery. Black asterisks indicate significant differences between naïve and SNI animals treated
with CGRP8 –37. Data are mean�SEM and analyzed using three-way ANOVA; n 	8 animals for
each treatment group. ****p � 0.0001, **p � 0.005, *p � 0.05. ns, Not significant (p 

0.05).
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not begin until 2 weeks following SNI, a
time point at which collateral CANs
reinnervate the plantar hindpaw (Nasci-
mento et al., 2015). Optogenetic inhibi-
tion of CANs in naïve animals elicited a
pronounced cold hypersensitivity that is
caused by the unmasking of CAN-
mediated tonic inhibition of spinal cord
neurons that convey cold information to
the brainstem and cortex (McCoy et al.,
2013). Unexpectedly, SNI rapidly re-
versed the cold function of CANs com-
pared with the naïve state in that by at 6
and 24 h, CAN inhibition elicited pro-
nounced cold hyposensitivity and re-
versed the cold hypersensitivity that
began at 3 weeks. This reversed cold func-
tion may be due either to altered periph-
eral CAN transmission to the spinal cord
that results from the acute loss of dam-
aged afferents after SNI (Nascimento et
al., 2015) or to changes in central termi-
nals of cold-sensing neurons (Ran et al.,
2016). Alternatively, silent thermosensors
may play a role in this rapid change in
function following injury. Silent thermo-
sensors are unresponsive to thermal stim-
uli before injury but respond robustly to
cold stimuli after injury (Yarmolinsky et
al., 2016). This population is a subset of
TRPM8� neurons that express CGRP.
Therefore, it is possible that silent ther-
mosensors may be required to sense the
onset of cold stimuli after injury and
that our optogenetic inhibition paradigm
transiently inhibits them.

In contrast to cold, the heat function of
CANs was minimally altered by nerve in-
jury as optogenetic inhibition immedi-
ately and continually produced heat
hyposensitivity in both naïve and SNI an-
imals throughout the acute to chronic
time course. The finding that optogenetic
inhibition immediately and persistently

Figure 7. Brief optogenetic inhibition of CANs has no effect on incisional pain. A, Measurement of paw withdrawal threshold
using the von Frey up-down method. The 590 nm light had no effect on mechanical sensitivity. B, Measurement of sensitivity to a
radiant heat source using the Hargreaves assay. The 590 nm light-induced heat hyposensitivity before incision, and also when the
incision-induced hypersensitivity was gone at 7 d after incision; however, 590 nm light had no effect on incision-induced heat
hypersensitivity. Blue background represents 490 nm light treatment. Amber background represents 590 nm light treatment.
Vertical red dashed line indicates when the incision surgery was performed. Red asterisks indicate significant differences between
baseline and postincision surgery. Black asterisks indicate significant differences between Cre� and Cre� animals. Data are
mean � SEM and analyzed using three-way ANOVA; n 	 9 animals for each treatment group. ****p � 0.0001, ***p � 0.0005,

4

*p � 0.05. ns, Not significant (p 
 0.05). C–H, Real-time
place preference where incision Cre� and Cre� animals were
allowed to choose between a 595 and 460 nm lit floor. The
lights were off for 5 min and then turned on for 5 min; this was
repeated 3 times for a total of 30 min. C, E, G, Percentage time
spent on the 595 nm side of the box during each 5 min bin
before incision (BL) (C), 1 d (1D) following incision (E), and 2 d
(2D) following incision (G). Neither Cre� nor Cre� exhibited
preference (C: p 	 0.6884; E: p 	 0.1082; G: p 	 0.1237). D,
F, H, The time spent on the 595 nm side of the box is repre-
sented as percentage of total time (15 min) during the light
OFF and light ON conditions before incision (BL) (D), 1 d (1D)
following incision (F), and 2 d (2D) following incision (H). Nei-
ther Cre� nor Cre� animals exhibited a preference (D: p 	
0.5428; F: p 	 0.5498; H: p 	 0.6557). C–H, Amber bars
represent 595 nm light treatment. Data are mean � SEM and
analyzed using two-way repeated-measures ANOVA; n 	 9
for Cre� animals and n 	 10 for Cre� animals.
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Figure 8. Peripheral antagonism of CAPS alleviates incisional pain. A, B, Mice were administered intraplantar CGRP8 –37 (533 �M) or PBS each test day 45 min before testing. A, Measurement of
paw withdrawal threshold using the von Frey up-down method. CGRP8 –37 partially reversed the mechanical hypersensitivity of incision animals by 3 d and had no effect on sham animals. B,
Measurement of sensitivity to a radiant heat source using the Hargreaves assay. CGRP8 –37 immediately reversed the heat hypersensitivity following incision but had no effect on sham animals.
Vertical red dashed line indicates when the incision surgery occurred. Red asterisks indicate significant differences between incision CGRP8 –37 and incision PBS animals. Black asterisks indicate
significant differences between sham CGRP8 –37 and incision CGRP8 –37. Data are mean � SEM and analyzed using three-way ANOVA; n 	 8 animals for each treatment group. ****p � 0.0001,
***p � 0.0005, **p � 0.005, *p � 0.05. ns, Not significant ( p 
 0.05).

Figure 9. Injury does not induce ectopic expression of Arch. A–D, Representative confocal images of glabrous skin from sham CGRP-Arch Cre� mice stained with a keratin 14 antibody (red) and
DRAQ5 nuclear stain (blue) and excited Arch-GFP (green) with a 488 laser. D, Merged image showed no overlap between Arch-GFP and keratin 14. E–H, Representative confocal images of glabrous
skin from CGRP-Arch Cre� mice 3 weeks following SNI stained with a keratin 14 antibody (red) and DRAQ5 nuclear stain (blue) and excited Arch-GFP (green) with a 488 laser. F, Arch-GFP CANs are
significantly decreased compared with sham. H, Merged image shows no overlap between Arch-GFP and keratin 14. I–L, Representative confocal images of glabrous skin from CGRP-Arch Cre� mice
1 d following incision stained with a keratin 14 antibody (red) and DRAQ5 nuclear stain (blue) and excited Arch-GFP (green) with a 488 laser. J, Arch-GFP CANs are not changed compared with sham.
L, Merged image shows that there is no overlap between Arch-GFP and keratin 14. Scale bar, 25 �m.
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induces heat hyposensitivity after SNI may indicate that CANs
are innately required for heat sensation in both naïve and nerve-
injured states. Together, our data show that peripheral CANs are
required to drive the transmission of chronic mechanical, cold,
and heat hypersensitivity in a time-dependent manner following
SNI.

Peripheral CANs are required for maintenance of ongoing
nerve injury pain
Superficial spontaneous pain is a symptom most frequently re-
ported by neuropathic pain patients (Rasmussen et al., 2004;
Truini et al., 2013), and preclinical models exhibit ongoing pain
following nerve injury (Decosterd and Woolf, 2000; Djouhri et
al., 2006; Dworkin et al., 2007; King et al., 2009; Lax et al., 2014).
Ten weeks after SNI, animals preferred to be in an environment
where the peripheral terminals of CANs were inhibited, suggest-
ing that CANs contribute to chronic ongoing neuropathic pain.
These assays were performed 
8 weeks following SNI, when cen-
tral sensitization has developed and likely contributes to sponta-
neous pain (Woolf, 1983; Coderre et al., 1993; Weyer et al., 2016).
CAN inhibition-induced place preference indicates that nerve
injury-induced chronic spontaneous pain is driven in part by the
peripheral nervous system.

Peripheral nerve injury induces sensitization of the primary
afferent somata
Mechanical hypersensitivity is the most prominent evoked phe-
notype following SNI (Decosterd and Woolf, 2000; Duraku et al.,
2012; Smith et al., 2013; Nascimento et al., 2015). Studies have
examined changes in gene expression, chemical sensitization,
and spontaneous activity in DRG neurons following nerve injury,
but not mechanical sensitization (Djouhri et al., 2006; Laeder-
mann et al., 2013; Duan et al., 2014; X. L. Ma et al., 2015; Peirs et
al., 2015; Daou et al., 2016; Ventéo et al., 2016).

We found that the somata of CANs have amplified mechani-
cally gated currents 16 weeks following SNI. The amplified cur-
rents may result from sensitized mechanically sensitive proteins,
such as Piezo2 (Coste et al., 2010; Eijkelkamp et al., 2013) or
STOML3 (Wetzel et al., 2007, 2017), which underlie the mechan-
ical hypersensitivity in other neuropathies. Alternatively, dys-
regulated voltage-gated ion channels (Laedermann et al., 2013),
such as Nav1.3, may indirectly contribute to the mechanical sen-
sitivity (Hains et al., 2004; Nassar et al., 2005; Laedermann et al.,
2013).

The distribution of mechanically gated current subtypes in
CANs was also altered as no IA currents were observed after SNI.
Because the IA currents reappear with brief Arch activation, the
decreased IA currents may be due to SNI-induced functional
changes in mechanically and/or voltage-gated ion channels. For
example, Piezo2 mediates RA currents (Coste et al., 2010; Ranade

et al., 2015), and TRPA1 has been shown to mediate SA currents
and the IA current amplitude in small-diameter neurons (Vil-
ceanu and Stucky, 2010; Brierley et al., 2011). Additionally, many
(�17) Piezo2 splice variants exist in mouse and human sensory
neurons, which have differences in kinetics, permeability, and
calcium regulation (Szczot et al., 2017). It is possible that specific
Piezo2 splice variants might underlie IA currents and that SNI
may alter their sensitivity to membrane voltage. Alternatively,
Arch hyperpolarization may alter the activity of mechanically
sensitive voltage-gated potassium and sodium ion channels
(Drew, 2011; Ranade et al., 2015). Additional studies are needed
to fully explain these changes.

Peripheral CAPS mediates incisional hypersensitivity
At the injury site, CGRP� causes neurogenic inflammation and
activates CGRP1 receptors found on endothelial cells, keratino-
cytes, and CGRP� neuronal (Cottrell et al., 2005; Eftekhari and
Edvinsson, 2011; Russell et al., 2014; Hay et al., 2018). CGRP1
receptor antagonism alleviates Complete Freud’s Adjuvant-
induced mechanical hypersensitivity (Hirsch et al., 2013). Here,
peripheral antagonism of CGRP1 via CGRP8 –37 alleviates inci-
sional pain, whereas brief inhibition of CANs has no effect (Table
2). It is possible that optogenetic inhibition of CANs does not
prevent CGRP peptide release. Prolonged optogenetic activation
of Nav1.8� neurons, some of which express CGRP, did not elicit
neurogenic inflammation (Daou et al., 2013). Thus, optogenetic
channel activation may not stimulate the same intracellular sig-
naling cascades that lead to CGRP release or prevention of re-
lease. Alternatively, optogenetic inhibition may have no effect on
incisional pain because it may be mediated by CGRP� neuronal.
Isolectin-B4-binding sensory neurons express CGRP1 and are
sensitized following incision (Barabas and Stucky, 2013). To-
gether, these findings suggest that incision likely induces local
CGRP� peptide release from peptidergic afferents that acts on
CGRP1 receptors expressed by CGRP� sensory neurons and
non-neuronal cells.

Optogenetic inhibition and neuronal ablation produce
different results following injury
Optogenetic approaches leave neuronal anatomy, circuits, and
function intact, whereas neuronal ablation eliminates a popula-
tion of neurons (Chow et al., 2012a; Maksimovic et al., 2014;
Baumbauer et al., 2015; Park et al., 2015; Copits et al., 2016; Daou
et al., 2016). In naïve animals, transient inhibition of CANs pro-
duced results (Table 2) similar to diphtheria toxin-driven abla-
tion of CANs (McCoy et al., 2013). Neither approach affected
mechanical sensitivity, and both approaches increased cold sen-
sitivity and decreased heat sensitivity. However, after injury, op-
togenetic inhibition (Table 2) and neuronal ablation of CANs
(performed before injury) (McCoy et al., 2013) produced differ-
ent outcomes. Neuronal ablation did not affect SNI-induced me-
chanical hypersensitivity, whereas CAN inhibition partially and
consistently reversed the SNI-induced mechanical hypersensitiv-
ity. Additionally, CAN ablation prevented complete Freund’s
adjuvant-induced inflammatory heat hypersensitivity (McCoy et
al., 2013), but transient CAN inhibition had no effect on inci-
sional heat hypersensitivity (Table 2).

Divergent results were also found for optogenetic inhibition
and ablation of Nav1.8� neurons. When ablation was performed
(before injury), Nav1.8� neurons were found to not be involved
in neuropathic pain (Abrahamsen et al., 2008), whereas optoge-
netic inhibition of Nav1.8� neurons alleviated the neuropathic-
induced mechanical hypersensitivity (Daou et al., 2016). These

Table 2. Sensory modalities affected by CAN inhibition or blockade of CAPSa

Naïve (uninjured) SNI Incision

Sensitivity 590 nm CGRP8 –37 590 nm CGRP8 –37 590 nm CGRP8 –37

Mechanical 7 7 2 7 7 2
Cold 1 7 2 7 — —
Heat 2 7 2 7 7 2
aIn naïve (uninjured) animals, brief CAN inhibition with 590 nm light did not affect mechanical sensitivity; however,
it increased cold sensitivity and decreased heat sensitivity. CGRP8 –37 had no effect on any modality in naïve animals.
After SNI, once mechanical, cold, and heat hypersensitivity developed, brief inhibition of CANs with 590 nm light
reduced the observed hypersensitivity for each modality. CGRP8 –37 had no effect on these modalities following SNI.
After incision, mechanical and heat hypersensitivity occurred, but cold sensitivity was unaltered. Brief CAN inhibition
with 590 nm light had no effect on mechanical or heat hypersensitivity after incision. However, blockade of periph-
eral CAPS with CGRP8 –37 reversed the mechanical and heat hypersensitivity induced by surgical incision.
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discrepancies between studies may be attributed to injury-
induced changes to intact cells and circuits. Also, both central and
peripheral sprouting of primary afferent fibers alters dorsal horn
synaptic transmission and behavioral phenotypes after SNI
(Kohno et al., 2003; Duraku et al., 2012). Because ablation elim-
inates a neuronal population whereas optogenetics does not, the
alterations due to sprouting may differ.

Although both the mouse line used here and that used by
McCoy and colleagues involves insertion of Arch or the human
diphtheria toxin receptor into the Calca locus (Song et al., 2012;
McCoy et al., 2013), respectively, these mouse lines may not affect
exactly the same neurons. McCoy et al. (2013) used heterozygous
mice leaving one functional Calca allele. In our study, homozy-
gous mice were used that express Arch in all CANs. Furthermore,
McCoy et al. (2013) used intraperitoneal injections of diphtheria
toxin, which ablates CANs systemically, whereas our optogenetic
approach inhibited the peripheral input from plantar-projecting
CANs. Thus, differences between mouse models may also ac-
count for the discrepant results.

The value of using optogenetic approaches is that neuronal
populations anatomically remain intact before and after injury
and can be transiently and repeatedly inhibited. Therefore, we
chose to use optogenetic approaches following the pioneering
work of Gereau and Rogers who established optogenetics for the
somatosensory field (Park et al., 2015; Copits et al., 2016). In-
creased use of optogenetics in animal models may result in more
accurate identification of mechanisms driving chronic pain and
more faithfully predict clinically relevant therapies.
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