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Heat But Not Mechanical Hypersensitivity Depends on
Voltage-Gated Cay2.2 Calcium Channel Activity in
Peripheral Axon Terminals Innervating Skin

Daniel M. DuBreuil,'** Eduardo Javier Lopez Soto,'* Simon Daste,! Remy Meir,' Daniel Li,' Brian Wainger,>
Alexander Fleischmann,' and ““Diane Lipscombe!
1Carney Institute for Brain Science and Department of Neuroscience, Brown University, Providence, Rhode Island 02912, and 2Depar’rments of
Neurology and Anesthesia, Critical Care and Pain Medicine, Massachusetts General Hospital, Harvard Medical School, Boston, Massachusetts 02114

Voltage-gated Cay2.2 calcium channels are expressed in nociceptors at presynaptic terminals, soma, and axons. Cay2.2 chan-
nel inhibitors applied to the spinal cord relieve pain in humans and rodents, especially during pathologic pain, but a biologi-
cal function of nociceptor Cay2.2 channels in processing of nociception, outside presynaptic terminals in the spinal cord, is
underappreciated. Here, we demonstrate that functional Cay2.2 channels in peripheral axons innervating skin are required
for capsaicin-induced heat hypersensitivity in male and female mice. We show that Cay2.2 channels in TRPVI-nociceptor
endings are activated by capsaicin-induced depolarization and contribute to increased intracellular calcium. Capsaicin induces
hypersensitivity of both thermal nociceptors and mechanoreceptors, but only heat hypersensitivity depends on peripheral
Cay2.2 channel activity, and especially a cell-type-specific Cay2.2 splice isoform. Cay2.2 channels at peripheral nerve endings

might be important therapeutic targets to mitigate certain forms of chronic pain.
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It is generally assumed that nociceptor termini in the spinal cord dorsal horn are the functionally significant sites of Cay2.2
channel in control of transmitter release and the transmission of sensory information from the periphery to central sites. We
show that peripheral Cay2.2 channels are essential for the classic heat hypersensitivity response to develop in skin following
capsaicin exposure. This function of Cay2.2 is highly selective for heat, but not mechanical hypersensitivity induced by capsai-
cin exposure, and is not a property of closely related Cay2.1 channels. Our findings suggest that interrupting Cay2.2-depend-
ent calcium entry in skin might reduce heat hypersensitivity that develops after noxious heat exposure and may limit the
degree of heat hypersensitivity associated with certain other forms of pain.
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Introduction

Voltage-gated calcium channels Cay2.2 (N-type current) and
Cay2.1 (P-type current) are the primary sources of calcium that
control neurotransmitter release from nociceptor presynaptic
termini in the spinal cord dorsal horn (Diaz and Dickenson,
1997; Heinke et al., 2004; Motin and Adams, 2008; Jayamanne et
al., 2013). Opioids act through p-opioid receptors and inhibit the
gating of presynaptic Ca,2.2 channels in the spinal cord dorsal
horn and decrease synaptic transmission (Horvath et al., 2001;
Andrade et al., 2010). Cay2.2 channels in nociceptors are also
targets of non-opioid analgesics including the selective Cay2.2
channel inhibitor w-conotoxin MVIIA (w-CgTx MVIIA, Prialt,
Ziconotide, or SNX-111; Miljanich and Ramachandran, 1995;
Bowersox et al, 1997; Miljanich, 2004; Patel et al., 2018).
Intrathecal w-CgTx MVIIA mitigates otherwise intractable pain
in humans, and it is effective in animal models of inflammatory
and nerve-injury-induced pain while having less effect on acute
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most other neurons only express Cay2.2-e37b
(Bell et al., 2004; Altier et al., 2007; Jiang et al.,
2013; Lopez Soto et al,, 2019), and Cay2.2-e37a
channels are more sensitive to modulation by

Trpvi
nocirggptor morphine compared with Cay2.2-e37b (Bell et
Peripheral nerve al., 2004; Castiglioni et al, 2006; Altier et al.,
endings in skin 2007; Raingo et al., 2007; Andrade et al., 2010;
Marangoudakis et al, 2012; Jiang et al, 2013;
Macabuag and Dolphin, 2015). Cay2.2-e37a
B - - S channels appear to be particularly critical for
Cacnatb Cacnatb Cacnatb some forms of hyperalgesia, although Cay2.2
e37a_e37b 2 T e37b* e37b splice isoforms contribute equally to acute noci-
Pl N ., Y ception (Altier et al., 2007; Andrade et al., 2010).
AN \™/ ' . .
v A oy v o o Here, we present functional evidence that
] ] C—] ] Cay2.2 channels in Trpvl-lineage nociceptors
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Figure 1.

Cacna 6™ mice (Andrade et al., 2010).

pain responses (Miljanich and Ramachandran, 1995; Bowersox
et al, 1997; Miljanich, 2004; Bannister et al.,, 2017). However,
clinical use of Cay2.2 channel inhibitors is limited because of
side effects because of inhibition of Cay2.2 channels in the brain
and sympathetic nervous system (Miljanich, 2004). A Cay2.2
channel inhibitor with greater selectivity against chronic pain
would have significant value.

Cay2.2 channels are expressed throughout nociceptors at pre-
synaptic terminals, soma, and peripheral nerves, but their biolog-
ical significance at sites beyond a well-accepted role at
presynaptic terminals is not well understood. Nociceptor free
nerve endings in skin release inflammatory signaling molecules,
including neuropeptides calcitonin  gene-related peptide
(CGRP), ATP, and substance P, which contribute to inflamma-
tory hypersensitivity to non-noxious and noxious stimuli (Louis
et al., 1989; Costigan and Woolf, 2000; Cook and McCleskey,
2002; Scholz and Woolf, 2002; Costigan et al., 2009). The signal-
ing molecules that control release of pro-inflammatory molecules
are not well characterized, although TRPA1 receptors have been
proposed to play a role in peptide release (Lin King et al., 2019).
A role for Cay, channels is often assumed, but direct evidence for
their involvement is lacking (Chiu et al., 2012). Interestingly,
White and Cousins (1998) showed >20years ago that daily
intradermal inhibition of Cay2.2, but not Cay2.1 channels
attenuates mechanical hyperalgesia in a peripheral nerve injury
model, but this finding has not been pursued. More recently, Lee
and colleagues (Lee et al., 2019) showed that external application
of an inhibitor of both Cay2.2 and Nay1.7/1.8 channels (CNCB-
2) attenuates thermal hyperalgesia and mechanical hyperalgesia/
allodynia induced in postoperative and inflammatory pain mod-
els, but these studies did not directly address the contributions of
Cay2.2 separate from Nay channels.

Cay2.2 channel al subunits are encoded by the Cacnalb
gene, which generates splice isoforms with different functional
characteristics across tissue and cell type, developmental age, and
disease state (Lipscombe, 2005; Lipscombe et al, 2013;
Lipscombe and Lopez Soto, 2019). Trpvl-lineage nociceptors
express a unique Cay2.2 splice isoform, Cay2.2-e37a, whereas

E37b-only
Trpv1 nociceptors

Trpv1-lineage nociceptors express Cay2.2-e37a and Cay,2.2-e37b splice isoforms. A, Trpv1-lineage no-
ciceptor is depicted with presynaptic termini in spinal cord dorsal horn, soma, and nerve endings in skin. The ma-
genta/blue color in the soma represents the two Cacnalb splice isoforms that dominate in these neurons. B,
Schematic of mutually exclusive pattern of alternative splicing for e37a and e37b in Trpv1-lineage nociceptors and
all other neurons in wild-type (Cacna1b*’*#’®) mice, as well as in Trpv1-lineage nociceptors of e37b-only

are at peripheral nerve endings in skin in
addition to their accepted role at central syn-
apses. At central Trpvl-lineage nociceptor
termini, Cay2.2 channels contribute to the
accurate transmission of information about
acute noxious stimuli. Most significantly, we
show that in the periphery, Cay2.2 channels,
and in particular Cay2.2-e37a isoforms,
are necessary for capsaicin-induced heat
hypersensitivity.

Materials and Methods

All mice used in this work, except for mice used for in culture calcium
imaging, were bred at Brown University, and all protocols and proce-
dures were approved by the Brown University Institutional Animal Care
and Use Committee. For in vitro calcium imaging, mice were bred at
Massachusetts General Hospital, and all protocols and procedures were
approved by the Massachusetts General Hospital Institutional Animal
Care and Use Committee. For all behavioral experiments, both male and
female mice were included. For physiology experiments, sex was not
identified before tissue collection. All values shown are mean = SE. All
behavior experiments assessing heat and mechanical sensitivity were
conducted under blinded conditions; however, Cay2.2 KO mice are
obviously hyperactive relative to WT mice, which made genotype blind-
ing ineffective in behavioral experiments using Cay2.2 KO mice.

Mice. Trpvi-Cre [Cavanaugh et al, 2011; catalog #JAX:017769;
RRID: IMSR_JAX:017769], lox-STOP-lox-ChR2-EYFP (hereafter ChR2-
EYFP; Madisen et al., 2012; catalog #JAX:012569; RRID: IMSR_JAX:
012569,), lox-STOP-lox-tdTomato (hereafter tdTomato; Madisen et al.,
2010; IMSR, catalog #JAX:007908; RRID: IMSR_JAX:007908), and lox-
STOP-loxGCMPef (catalog #JAX: 028865) mice were purchased from The
Jackson Laboratory. TrpvI is expressed in testes during gamete produc-
tion (Maccarrone et al.,, 2005; Mizrak and van Dissel-Emiliani, 2008;
Francavilla et al., 2009) inducing Cre-dependent reporter expression in
spermatozoa. We confirmed widespread reporter expression beyond the
Trpvl-lineage in offspring of TrpyI“P2EYFPH= op Typyptdtomatot/=
mice; therefore, all mice used in this study were first-generation progeny
of single homozygous parents. TrpvI-Cre*’™ mice were mated with ei-
ther ChR2-EYFP™'™, tdTomato™'™, or GCaMPéfL /* mice to generate
TrpvlchrZEYFP+/7’ TfpVIth‘)ma‘u+/7, and TfleGC8MP6f+/7 offspring.

Generation of Cacnalb®™™*°*/* mice was described previously
(Fig. 1B; Andrade et al., 2010). Wild-type Cacnalb express both e37a
and e37b splice isoforms in Trpvl-lineage neurons (Bell et al, 2004;
Andrade et al., 2010; Lopez Soto and Lipscombe, 2020). We use our
unique Cacnalbt>7b=e37b+/+ (e37b-only/e37b-e37b) mouse strain and
compare with WT (Cacnalb®*¢” %) to understand the unique action of
e37a in Cay2.2-dependent behavioral responses. Critically, we substi-
tuted e37a for e37b to generate Cacnalb®™?"*¥"*/* (e37b-only) that
lacks e37a but with WT protein levels (Fig. 1B). In Andrade et al.,, 2010
we found no evidence of up or down regulation of Cay2.2 in e37b-e37b
mice. We also found no compensatory alterations in expression of
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Table 1. Primers for generation of Cay2.2-null mouse strain
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Strain Primer Sequence

(ay2.2-K0 construct generation 1-For GAACTGCTTCACCGTCAACCGGTCGCTCTTCGTCTTCAGC
1-Rev GCTGAAGACGAAGAGCGACCGGTTGACGGTGAAGCAGTTC
2-For (TAGACCGGTCAATGGTGAGCAAGGGCGAGGAGC
2-Rev (TAGACCGGTGACAAACCACAACTAGAATGC
3-For CATGACGCGTGAATTCCTGCAGCCCAATTCC
3-Rev (TAGACGCGTCCCTCGAGGGACCTAATAACTTCG

(ay2.2-KO targeting 4-For-Left GTGCATGTGTTTATCTGTGTG
4-Rev-Left GAACTTCAGGGTCAGCTTGC
5-For-Right (TACCCGGTAGAATTTCGACG
5-Rev-Right GGTCCTGCATGTAGGCCTCC

closely related Cay2.1 channel proteins. Thus, any phenotypic difference
between WT and e37b-only mice can be attributed to the loss of unique
features of e37a. By contrast, when using exon-specific siRNAs, Cay2.2
protein levels are significantly reduced (Altier et al., 2007). We generated
a Cay2.2 knock-out (KO) mouse strain by insertion of an EGFP+stop
cassette in frame in exon 1 of the Cacnalb gene. All primers used in the
creation of the Cay2.2-KO mouse strain are shown in Table 1. To create
the Cacnalb™'~ targeting construct, a 12kb Nsil fragment from the
129S mouse BAC genomic clone bMQ122-B9 (Source BioScience) was
cloned into the PstI site of pBSSK". An Agel site was inserted into exon
1 of Cacnalb by mutagenesis using a QuickChange II XL Site-Directed
Mutagenesis Kit (StrataGene) with primers 1-For and 1-Rev. The
EGFP+stop cassette was inserted in-frame into exon 1 at the Agel site
following amplification from pEGFP-C1 (BD Biosciences) using primers
2-For and 2-Rev. The loxP-NeoR-loxP cassette was inserted at the Mlul
site in the intron between exons 1 and 2 following PCR amplification
from pL452 (Addgene) using primers 3-For and 3-Rev. The final target-
ing construct was 14.8 kb.

Mouse 1290la ES cells derived from a male embryo were grown on
mitotically inactive SNL76/7 feeder cells. Ten million (107) ES cells were
electroporated with 20 g of a construct linearized with Pvul, and G418
selection was initiated after 24 h. Correctly targeted ES cell clones were
identified by PCR and injected in E3.5 blastocysts isolated from C57Bl/
6-Tyrc-Brd female mice. Injected blastocysts were implanted into day 2.5
pseudopregnant females for the generation of chimeras. Male chimeras
were mated with C57BL/6-Tyrc-Brd females to obtain F1 progeny. Germ
line transmission was confirmed by PCR of genomic DNA from each ES
cell clone to confirm homologous integration from the long arm and
short arm of the targeting vector using primers indicated in Table 1 for
the left and right arms. The neomycin resistance cassette was subse-
quently removed from F1 mice by crossing to a B6.FVB-Tg(EIla-cre)
C5379Lmgd/] (The Jackson Laboratory; RRID: IMSR JAX:003724).
Deletion of the neomycin cassette was confirmed by PCR amplification
of genomic DNA.

Individual WT strains were generated in parallel from the same
genetic background used to create Cacnalb™'~ and Cacnalb®”™¥7
mouse strains. The two WT strains were pooled together following
determination that there were no significant differences on any
assessments.

Acute nociception assays. Responses to heat, mechanical, and LED stim-
ulation were analyzed from male and female Cacnalb™"* /Trpy1 P21+~
Cacnalb™' =/ TrpvI ¥4/~ and Cacnalb™™" e37b+/+/Trpv1Chr2EYFP+/f
mice. Mice were between 2 and 4 months old. In total, 195 Cacnalb™*/
TrpyI P 2EYFPH= mice, 89 Cacnalb™ '~/ Trpy1I 2P+~ and 75
Cacnalb™ S [ Trpy P 2EFPH= mice were used to monitor the fol-
lowing acute nocifensive responses: heat (146 WT, 56 Cay2.2-null, 42
Cay2.2-€37b), mechanical (32 WT, 24 Cay2.2-null, 26 Cay2.2-€37b), and
LED (17 WT, 9 Cay2.2-null, 7 Cay2.2-e37b).

We used a Plantar Analgesia Meter (IITC Life Science) to assess heat
responses to radiant heat. Mice were placed in Plexiglas containers on an
elevated glass plate and allowed to habituate for 1 h before testing. A visi-
ble-light, radiant heat source was positioned beneath the mice and aimed
using low-intensity visible light to the plantar surface of the hindpaw.
An orange-pass filter was used to prevent blue-light activation of chan-
nelrhodopsin in sensory nerve terminals. Trials began once the high-

intensity light source was activated and ended once the mouse withdrew
a hindpaw and (1) shook the paw, (2) licked the paw, or (3) continued to
withdraw the paw from stimulation. Immediately on meeting response
criteria, the high-intensity light source was turned off. The latency to
response was measured to the nearest 0.01 s for each trial using the
built-in timer, which is activated and deactivated with the high-intensity
beam. For all trials, the high-intensity beam was set at 40%, the low-in-
tensity beam set at 10%, and the maximum trial duration was 30 s. Three
trials were conducted on each hindpaw for each mouse, with at least
1 min between trials of the same hindpaw (Hargreaves et al., 1988).

To assess responses to mechanical stimuli, we used a Dynamic
Plantar Aesthesiometer (catalog #37450, Ugo Basile). Mice were placed
in a Plexiglas container over an elevated mesh platform for at least
30 min to allow accommodation before the measurement. The plantar
surface of the hindpaw was stimulated with a 0.5 mm filament pushed
against the plantar side of the hindpaw with linear ascending force, from
0-5 x gover 10 sin 0.5 x g/s intervals, until a fast withdraw of the paw
was observed or a maximum trial time of 20 s elapsed. The latency to
response in seconds and actual force to the nearest 0.1 x g at the time of
paw withdrawal were automatically detected and recorded by the unit.
Three trials were conducted on each hindpaw for each mouse with at
least 1 min between trials of the same hindpaw.

For assessing nocifensive responses to optogenetic nociceptor activa-
tion, male or female mice were placed in Plexiglas containers on an ele-
vated glass surface. A fiber-coupled, blue (465nm) LED light (Plexon)
was mounted to a movable stage at a fixed distance below the glass
platform. Light intensity was controlled by the supplied driver, and in-
tensity (1-9 mW, ~0.1-1 mW/mm®) was measured using a light meter
(PM100A S121C, Thorlabs) mounted on top of the glass plate. Mice
were allowed to habituate to the chamber for 1 h before testing. Each
mouse was stimulated 10 times, equally divided between the left and
right hindpaw, at each of six light intensity levels for a total of 60 trials
per mouse. In each trial, the LED light was directed at the plantar surface
of one hindpaw for 5 s or until a nocifensive response was elicited.
Nocifensive responses included hindpaw withdrawal accompanied by at
least one of the following: shaking or licking the stimulated hindpaw or
continued hindpaw withdrawal during prolonged stimulation. All
responses occurred within 3 s of stimulus onset. The number of nocifen-
sive trials was counted for each mouse at each light intensity level, and
response distributions for individual mice were fit using a four-parame-
ter logistic curve as follows:

(max — min)

Hillslope *
X
1+ ——
(ECSO)

Values for minimum, maximum, ECs, and Hill slope were calcu-
lated automatically, and mean values were used to construct a fit of the
average response distribution.

All data acquisition and analyses were conducted under blinded con-
ditions. Results were similar in unblinded experiments conducted inde-
pendently by three different experimenters.

Immunohistochemistry. Cacnalb™™
Cacnalb™ ™ | Trpy1'dTomeo+/= male

y = min —

1 Chr2EYFP+/—

(2-6 months)

and
were

[Trpy

mice
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transcardially perfused with cold PBS, followed by 4% paraformaldehyde
(PFA) in PBS (phosphate-buffered saline). Spinal cord (L4-L6) and skin
(hindpaw) were removed and postfixed in 4% PFA overnight at 4°C.
Samples were cryoprotected in 30% sucrose in PBS with Triton X-100 at
4°C for 48 h, frozen in optimal cutting temperature (OCT) solution and
cut into 14 um slices.

Slices were blocked overnight using 5% bovine serum albumin (BSA;
Sigma-Aldrich) in PBS with 0.4% Triton X-100 (PBST; Sigma). Anti-
CGRP (catalog #PC205L, Millipore; RRID: AB_2068524) antibody was
applied in PBST with 5% BSA at 1:250 dilution for 48 h at 4°C.
Secondary antibodies Alexa Fluor 488 donkey-anti-rabbit (RRID: AB_
2571722) and Alexa Fluor 488 donkey anti-mouse (RRID: AB_2571721)
were applied at 1:200 in PBST with Alexa Fluor 647 conjugated Isolectin
B4 (catalog #SCR_014365, Thermo Fisher) at 1:100 and DAPI (catalog
#62248, Thermo Fisher) at 1:1000 for 4 h at room temperature. Images
were collected using a Zeiss LSM 800 confocal microscope using ZEN
software.

RNAScope in situ hybridization. RNAScope (Advanced Cell
Diagnostics) in situ hybridization was performed as instructed in the man-
ual, with the following differences. DRGs were isolated from Cacnalb™'™,
Cacnalb™'~, and Cacnalb “”°~*”>*/* mice and processed and sectioned
as described (see above, Immunohistochemistry). Following sectioning, sli-
ces were dehydrated with 100% ethanol for 5 min and allowed to air dry. A
barrier was drawn around each section using a hydrophobic barrier pen.
Slides were incubated at 40°C in Protease III for 30 min. Cacnalb or
Cacnalb-e37a probes were applied at 40°C for 4 h and detected using
amplification reagents 1-4, as described in the kit. Images were collected
using a Zeiss LSM 800 confocal microscope using ZEN software. At least
three slides from two mice (2months old) were used for analysis. Probe
specificity was confirmed using Cay2.2-null and Cay2.2-e37b samples.

Spinal cord slice physiology. Acute spinal cord slices were prepared
from Cacnalb™™"/ TrpvlChrZEYFPH’, Cacnalb™'~/ TrpvlChrZEYFPH -,
and Cacnalb™™ 74 Ty P 2EYFPH= jce [mixed gender, post-
natal day (P)14-21]. Mice were anesthetized by intraperitoneal injection
of Beuthanasia-S and transcardially perfused with cold oxygenated artifi-
cial CSF (aCSF) containing the following (in mm): 125 NaCl, 2.5 KCl, 26
NaHCO;, 1.25 NaH,PO,, 1.5 CaCl,, 6 MgCl, 25 Glucose, and 1
Kynurenic acid. The spinal cord was removed, embedded in 2% low-
melting agarose, and cut into 300 um sections using a Leica VT1200S
vibrating blade microtome in the same aCSF solution. Sections were
then transferred to a holding chamber containing the same aCSF solu-
tion at 30°C for 1 h and at room temperature thereafter. For recording,
individual slices were transferred to a recording chamber and continu-
ally perfused with oxygenated aCSF containing the following (in mm):
119 NaCl, 2.5 KCl, 26 NaHCO3, 1 NaH,POy, 2.5 CaCl,, 1.3 MgSO,, 25
Glucose, and 1.3 Na-Ascorbate. Patch pipettes were filled with an inter-
nal solution containing the following (in mm): 125 KGluconate, 28 NaCl,
2 MgCl2, 2 Mg-ATP, 0.3 Na-GTP, 0.6 EGTA, and 10 HEPES and had a
resistance between 3 and 5 M(). Synaptic responses were elicited by 1 ms
pulses of blue light through the 40x microscope objective controlled by
a shutter, and the blue light was focused directly on the recorded cell.
Cells were held at =70 mV during all protocols.

Inflammatory models. Cacnalb™'* | Trpy1"™EYFPH/ =" Cacna1b='=)
TrpvICW2EYFPHI= " and  Cacnalbt™ Y370+ 1+ Typy [Ch2EYFPH— i
(male and female, 4-6 months) were anesthetized with isoflurane.
Capsaicin (0.1% w/v, in sterile saline with 5% Tween 20, 20puL),
A438079 (6 mwm in sterile saline, 20 uL), w-conotoxin MVIIA (1 um in
sterile saline, 20 uL), or w-Agatoxin IVA (1 uM in sterile saline, 20 pL)
was injected via a 30-gauge needle into the left hindpaw, and mice were
allowed to recover in the testing chamber. Heat or mechanical sensitivity
was assessed using the radiant heat or automated von Frey assays,
respectively (described above). Median response latency of at least three
trials at each time point was used to assess sensitivity. To compare effect
size among different mouse strains we applied the following formula:
[(Effect(Mouse A) — Effect(WT))/Effect(WT)] x 100%.

Interleukin-1 analysis. WT and KO mice (n = 3 mice per genotype)
were anesthetized with isoflurane and killed via intraperitoneal injection
of euthanasia solution. The plantar skin from the left and right hindpaws
was removed and ~20mg of skin was placed in 1 ml DMEM
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supplemented with 10% heat-inactivated fetal bovine serum and
Penicillin-Streptomycin (Invitrogen). Skin cultures were maintained at
37°C with 5% CO, for 72 h. One day before collection of conditioned
media, HEK-Blue IL-1 cells (InvivoGen) were split into a 24-well plate
with 0.5 ml DMEM supplemented with 10% heat-inactivated fetal bo-
vine serum, Hygromycin, and Zeocin. Conditioned media containing
IL-1 was collected from skin cultures, and 200 ul was added to each well
of HEK-Blue cells for 24 h. Secreted embryonic alkaline phosphatase was
detected by mixing 200 ul Quanti-Blue media with 50 ul HEK-Blue
cell media in triplicate in a 96-well plate and quantified by reading the
absorbance at 620nm using a Biotek Synergy HTX Multi-Mode
Microplate Reader at 37°C. Quanti-Blue media alone was used as a blank
sample. This assay does not distinguish between IL-1cv and IL-18.

Calcium imaging in dissociated DRG. Dissociated nociceptors were
prepared from C57BL/6] mice (Charles River Laboratories; unidentified
gender, P14-28, n = 3 mice). Ganglia (~40) were removed postmortem
from the rostral-caudal extent of the vertebral column, collected, and
placed into DMEM/F12 with 10% FBS. Cells were dissociated for 60 min
using collagenase A (2 mg/ml; catalog #10103578001, Sigma) and dispase
(2mg/ml; catalog #17105041, ThermoFisher) followed by trituration
with a fire-polished Pasteur pipette. Cells were filtered using a 70 pm
filter followed by a 10% BSA gradient. Cells were resuspended in
Neurobasal media supplemented with B27, Glutamax, Pen/Strep, and
Nerve Growth Factor (256-GF, 0.1 mg/ml; R&D Systems) and plated
into 96-well plates (catalog #89626, Ibidi) precoated with 2 pL dots of
poly-D-lysine (0.1 mg/ml; catalog #P6407, Sigma) and laminin (2.5 mg/
ml; catalog #23017015, ThermoFisher). Dissociated neurons were main-
tained at 37°C with 5% CO, in O, for 4 d. On the day of imaging, cells
were rinsed with bath solution containing the following (in mm): 140
NaCl, 5 KCl, 2 CaCl,, 1 MgCl,, 10 Glucose, and 10 HEPES, pH 7.3, with
NaOH. Cells were then incubated in neurobasal media containing 3 mg/
ml Fluo-4AM (catalog #F14201, ThermoFisher) for 30 min at room tem-
perature. After 30 min, Fluo-4-containing media was replaced by an
external solution. Fluo-4 signal was monitored using a MetaXpress
Micro High Content Imager (Molecular Devices) at a frequency of 1 Hz.
Stimuli (20 pL per stimulus) were automatically applied at 20 s intervals
beginning 5 s after the first image acquired. Neuronal somata and neu-
rites were identified using a custom analysis script in Image] (version
1.52p), and fluctuations in Fluo-4 intensity over time were analyzed
using R (version 3.5.0).

Two-Photon functional imaging in anesthetized mice. We used 4-5
month male and female first-generation double heterozygous offspring
from single homozygous Trpv1©™ (catalog #JAX:017769, The Jackson
Laboratory) and lox-STOP-lox“<™MPef (catalog #JAX:028865, The Jackson
Laboratory) parents for two-photon imaging of Trpvl-nociceptors
expressing GCaMP6f. Mice were initially anesthetized with 3% iso-
flurane and maintained under 2% isoflurane anesthesia on a tempera-
ture-controlled pad throughout the 35-45min imaging session.
Intravenous tail injections (100 pl) of Texas Red (70% v/v in saline)
were used to visualize blood vessels. To reduce respiration-induced
movement artifacts, the hindpaw was attached to the base with dental
gum. Imaging was performed with a two-photon microscope (Ultima
Investigator, Bruker) with a 16x, 0.8 numerical aperture, water-
immersion objective (Nikon) at 1x zoom, 512 x 512 pixels for an
820 x 820 um field of view. A dual input femtosecond pulse source
laser (Chameleon Discovery, Coherent) was tuned to 920 nm. Images
were taken at 5, 15, and 30 min following capsaicin (10 ul, 0.1% w/v
in sterile saline) injection alone or co-injection with conotoxin (10 ul,
0.1% w/v in sterile saline), then z-stacks were acquired as follows. We
started at the skin epithelial cell layer and imaged 200 um deep using
a step size of 3 um (~67 optical sections/stack). Each optical section
is the average of 16 frames acquired at 30 Hz and a dwell time of 0.4
ps. To quantify the relative change of GCaMP6f fluorescence inten-
sity, we constructed maximum projections of each image in a sub-z-
stack using FIJT (https://imagej.net/Fiji). Individual nerves were iden-
tified visually after acquisition based on the presence of a positive
GCaMPé6f signal within 15 min. GCaMP6f signal regions of interest
(ROIs) were defined manually at either a 5 or 15 min time point fol-
lowing capsaicin exposure. GCaMP6f ROIs were user defined using


https://scicrunch.org/resolver/AB_2068524
https://scicrunch.org/resolver/AB_2571722
https://scicrunch.org/resolver/AB_2571722
https://scicrunch.org/resolver/AB_2571721
https://imagej.net/Fiji
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an optimal path method for the subset of op-
tical sections containing a positive signal. We
used this single time point to then manually
track corresponding coordinates for the other
two time points. The blood vessel network
was used to localize ROI coordinates across
time points. Our analysis shows that the cap-
saicin-induced GCaMP6f signal in Trpvl-
nociceptors is reduced by w-CgTx MVIIA,
and because we do not include nonresponder
termini, it is likely that this analysis underes-
timates the effect of w-CgTx MVIIA. All data
acquisition and analyses were conducted
under blinded conditions.

Statistical analyses. Hypotheses were tested
using R (version 3.5.0) and RStudio (version
1.1.463; Figs. 2C, 4, 5, 6) or IBM SPSS statistics
software (version 24; Figs. 2F, 3). Before hypoth-
esis testing, normality was assessed using the
Shapiro-Wilks test, and homogeneity of group
variances was assessed using Levene’s test.
For data that met normality and homogene-
ity of group variances assumptions (Fig. 2C,
F, 3B,C, 4A,B,D, 5B,E,F, 6]), values were
compared by ANOVA with Tukey’s HSD
correction for multiple comparisons where
appropriate. If either assumption was not
met (Figs. 4E, 5A,C), groups were compared
by pairwise Wilcoxon tests with Holm’s correc-
tion for multiple comparisons. Probability distri-
butions (see Fig. 6EILJ) were compared by
Kolmogorov-Smirnov. Statistical testing results,
including p values, are provided in the figure
legends.

Results

Cay2.2 channels contribute to heat and
mechanical sensitivity

Cay2.1 and Cay2.2 channels support trans-
mitter release from presynaptic sensory ter-
mini to postsynaptic dorsal horn neurons
in the spinal cord, and they support ther-
mal and mechanical hyperalgesia/allodynia
that develop in chronic pain with reported,
but poorly understood, differences in
efficacy across models (Matthews and
Dickenson, 2001; McGivern and
McDonough, 2004; Zamponi et al., 2015).
Cay2.2 channel activity supports the induc-
tion and maintenance of chronic pain in
nerve injury and inflammatory models
(Chaplan et al, 1994; Yamamoto and
Sakashita, 1998; Matthews and Dickenson,
2001), whereas, Cay2.1 channels are more fre-
quently invoked in the maintenance of sec-
ondary mechanical hypersensitivity associated
with inflammation (Diaz and Dickenson,
1997; Sluka, 1997). Furthermore, the contri-
bution of Cay2.2 channels and their isoforms
to mechanical and heat sensitivity remain

incompletely defined (Hatakeyama et al, 2001; Kim et al, 2001;
Saegusa et al., 2001; Bell et al., 2004; Jiang et al., 2013).

We used Cay2.2 KO and exon-substitution knock-in mouse
strains (Fig. 1; Andrade et al.,, 2010; Jiang et al., 2013) to quantify
the overall role of Cay2.2 channels and e37a splice isoforms to
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Figure 2. (ay2.2 knock-out, but not Cay2.2-e37b only, mice exhibit impaired heat and mechanical nociception com-
pared with wild-type controls. 4, Left, Western blot shows major full-length Cay2.2 &1 subunit protein (~250 kDa band)
in whole brain lysate from WT mice and its absence in Cay2.2-null mice (KO). Additional minor lower molecular weight
bands present in WT but not in KO may reflect different isoforms or proteolytic fragments (100—150 kDa) of Ca,2.2 1.
Additional minor bands present in both WT and KO brain lysates (~150 kDa) reflect nonspecific binding of anti-Cay2.2
antibody. Right, GAPDH signals (~37 kDa) are present in WT and KO brain lysate in the same blot, stripped and reprobed
with anti-GAPDH. B, Visualization of Cacnalb mRNAs in DRG. Cacnalh mRNAs visualized with a pan probe (yellow) in WT
mice, below detection in Cay2.2 KO mice, and visible in Cacna1b™”*“**"*-only mice (e37h). Cacnalb-37a mRNA (magenta)
signals visible in WT, and fewer, scattered signals in e37b-only mice. Scale bars: 10 um. C, Heat and mechanical sensitivity
of Cay2.2 WT (gray), KO (red), and Cay2.2-e37h-only (blue) mice. Heat and mechanical sensitivities of KO mice are reduced
compared with WT and e37b-only mice. Each value shown represents the median of three measurements from the follow-
ing number of mice (heat, WT n = 38, KO n = 18, e37b n = 16; mechanical: WT n = 32, KO n = 24, e37b n = 26), to-
gether with means (horizontal line) and SEs (shaded area). Mean == SE was for heat latency; WT: 16.9 £ 0.8 s, KO:
224 £ 135, e37b: 155 = 1.2 5; mechanical threshold WT: 3.35 = 0.21 x g; KO: 429 = 0.16 x g; e37b: 3.90 =
0.21 x g; t and p values calculated by univariate ANOVA with Tukey's HSD correction for multiple comparisons are for
heat WT versus KO, t=3.845, p=0.0008; WT versus e37h, t = —0.929, p = 0.624. Mechanical WT versus KO, t = 2.806,
p=10.021; WT versus e37h, t=1.676, p=0.228. D, Scheme shows Cre/loxP breeding strategy to generate heterozygote
reporter strains expressing either ChR2 or tdTomato (reporter) in Trpv1-lineage neurons. Trpv1 is expressed in testes during
gamete production, so only first-generation progeny were used (see above, Materials and Methods). E, Free nerve endings
of Trpv1-lineage nociceptors in plantar glabrous skin coexpress CGRP. Left, Overlay shows Trpv1/tdTomato (magenta) free
nerve endings, anti-CGRP (yellow), and cell nuclei labeled with DAPI (blue). Right, Grayscale images of Trpv1/tdTomato
(top) and anti-CGRP (bottom) signals. Scale bars: 25 m. F, Behavioral responses induced by 5 s LED directed to plantar
hindpaws of WT, KO, and e37b-only mouse strains expressing ChR2 in Trpv1-lineage neurons. KO mice were less responsive
to 465 nm LED stimulation compared with WT and e37b mouse strains. Each symbol represents the mean = SE of the
number of responses to 10 separate LED stimuli, applied to the following number of mice: WT/Trpv1/ChR2-EYFP, n = 17;
KO/Trpv1/ChR2-EYFP, n = 9; and e37b/Trpv1/ChR2-EYFP, n = 7. Intensity-response curves for each mouse were fit using a
four-parameter logistic function; t and p values for ANOVA with Tukey's HSD correction for multiple comparisons are for
WT versus KO: t = —2.607, p = 0.000002; and WT versus e37h: t = —0.880, p = 0.997.

mechanical and heat sensitivity. We measured behavioral
responses to conventional and optogenetic stimuli in WT, KO,
and e37b-only strains (Fig. 2), and used immunoblotting and
RNA in situ hybridization in DRGs to confirm the absence of
Cay2.2 protein in Cay2.2 KO mice (Fig. 2, KO); the presence of
Cacnalb RNA in DRG neurons (Fig. 2B, WT); and the presence
of Cacnalb-e37a RNA in a subset of DRG neurons (Fig. 2B, WT).
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Figure 3.  Synaptic currents in acute spinal cord slices from Cay2.2 knockout, but not Ca,2.2-37b-only, mice are
reduced and show less paired pulse facilitation relative to wild-type controls. 4, Transverse section of lumbar spinal
cord dorsal horn from Cacnatb™"™* /Tpy1"™ /= mouse showing ChR2-EYFP (yellow) and 1B4 (magenta) to
identify lamina 1. Inset, Grayscale image of whole spinal cord section from Cacnalb™* /Trpv 1" 5™ +/= mouse
showing reporter expression is restricted to dorsal horns. Scale bars: 100 um. B, Left, Scheme of experimental setup
for recording light-activated synaptic currents in postsynaptic lamina Il neurons. Middle, Synaptic currents in lamina
Il dorsal hor neurons of Cacnalb™/™ /Trpv 1"/~ (WT, gray), Cacna1b™"~/Trpy1™ =" +/= (K0, red), and
Cacna1b®™" 3/ Trpy 1™+~ (037h, blue) mice. Right, Peak current amplitudes, symbols represent values
of individual neurons, together with mean (horizontal line) = SE (shaded area). Analyses of synaptic currents
recorded from 20 WT, 12 KO, and 6-8 e37b neurons were as follows: mean = SE and t and p values assessed by
multivariate ANOVA were for peak amplitude, WT: —547.6 = 76.0 pA, KO: —252.1 = 48.2pA, t=3202, p =
0.008 (WT vs K0), e37b: —425.3 = 80.7 pA, t=0.931, p=0.950 (WT vs e37b); total charge, WT: —20.6 £ 2.5
pC, KO: —7.2 == 1.1 pC, t=4.975, p = 0.000051 (WT vs KO); e37b: —14.3 = 2.5 p(, t=1.448, p=10.328 (WT vs
€37h); weighted time constant, WT: 44.5 = 5.9 ms, KO: 27.4 = 2.3 ms, t = —2.749, p=0.009 (WT vs KO), e37b:
327 = 54ms, t = —1.389, p=0.431 (WT vs e37b); slow time constant, WT: 123.6 = 129 ms, KO: 93.1 =+
84ms, t = —2.103, p=0.122 (WT vs K0), e37b: 107.6 == 4.0 ms, t = —0.722, p=0.577 (WT vs e37b); fast time
constant, WT: 11.7 £ 1.6 ms, KO: 108 = 09ms, t = —1.167, p=0.351 (WT vs KO), e37b: 13.8 = 33 ms,
t=0.317, p=0.995 (WT vs e37h); contribution of slow component to response amplitude, WT: 29.9 = 3.0%, KO
220 £ 2.8%, t = —1.546, p = 0.282 (WT vs KO), e37b: 19.9 = 4.8%, t = —1.626, p =0.922 (WT vs e37b). The
weighted time constant is a value that reflects the contribution of both fast and slow components in a given proba-
bility density function (fast, slow); it is the sum of the product of the amplitude and time constant for each compo-
nent. Recordings from two neurons from e37b-only mice were better fit by single exponentials than double and
were thus removed from kinetic analyses. C, Left, Synaptic currents elicited by a series of 10 optical stimuli applied
at 1Hz from Cacna1b™* [Tipy1™ ™+~ (WT, n = 17, gray), Cacnalb™"~/Tipy1™E™+/= (K0, n = 7, red),
and Cacna1b®™ 7+ [Typy1 "= (e37b, n = 8, blue) mice. Right, Relative amplitude of postsynaptic
currents compared with the initial response, evoked by optical stimulation at 1Hz for WT (gray, n = 9 sli-
ces), KO (red, n = 7 slices), and e37b-only (blue, n = 8 slices) mice; t and p values assessed by repeated
measures ANOVA and Tukey’s HSD correction for multiple comparisons are for WT versus KO, t = 3.211, p =
0.001; WT versus e37b, t = —0.103, p = 0.940.

Paw withdrawal latencies to heat were consistently longer (1.3-
fold) in KO mice compared with WT controls (p = 0.0008; Fig.
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Cay2.2 channels contribute to LED-evoked
behavioral responses

Trpvl-lineage axon fibers in the plantar hindpaw
are primarily peptidergic nociceptors based
on an overlap of Trpvl-lineage reporter
(TdTomato) with anti-CGRP (Fig. 2E; Hsieh et
al.,, 2012; Usoskin et al., 2015). We used LED
stimulation of Trpvl-lineage ChR2-EYFP-
expressing nerves in the plantar hindpaw to con-
firm the importance of Cay2.2 channels in
Trpvl-lineage nociceptors to behavioral and syn-
aptic currents in spinal cord slices (Figs. 2D-F,
3). Brief exposure of the plantar hindpaw to blue
LED light elicited robust and stereotyped noci-
fensive paw withdrawal responses in WT and
KO mice that were light-intensity dependent
(Fig. 2F). Compared with WT mice, KO mice
were significantly less responsive to LED stimula-
tion over a wide range of light intensities (W'T,
n = 17 mice; KO, n = 9 mice; p = 2 x 10, Fig.
2F). Behavioral differences in WT and KO mice
were largest at submaximal LED intensities
(Fig. 2F).

We compared LED-induced behavioral
responses in exon-substituted e37b-only mice
to WT (WT express e37a and e37b; Fig. 1) and
conclude that e37b is able to functionally substi-
tute for e37a. This conclusion is based on the
similar behavioral responses evoked by heat,
mechanical, and LED stimuli in a comparison
of WT and e37b-only mice (heat, p = 0.624,
Fig. 2C; mechanical, p = 0.228, Fig. 2C; LED,
p =0.997, Fig. 2F). These data support previous
experiments using heat and mechanical stimuli
(Andrade et al., 2010).

Smaller postsynaptic currents in spinal cord
dorsal horn neurons elicited by optical
stimulation in Cay2.2 KO mice compared
with wild type

We used LED to activate Trpvl-lineage neuron
afferent fibers in spinal cord dorsal horn
acute slices from WT/ TrpvlChﬂEYFPH ~ (WT),
Cacnalb™'=/Trpy1CP2EYFPH = (K0), and
Cacna1b637b*7637 +/+/TTPV1Chr2EYFP+/7 (e37b—

2C). KO mice also had higher mechanical paw withdrawal thresh-
olds (1.3-fold) compared with WT controls (p = 0.021; Fig. 2C).
Our results support findings of some (Hatakeyama et al., 2001; Kim
et al,, 2001), but not all (Saegusa et al., 2001), previously reported
studies using independently generated Cay2.2 KO mouse strains.

These data underscore the importance of Cay2.2 channels for
heat and mechanical sensitivity but they also show that other
Cay channels in addition to Cay2.2 support behavioral responses
to heat and mechanical stimulation. Previously, we observed
similar reductions in heat and mechanical sensitivity in WT mice
following pharmacological inhibition of Cay2.2 channels by in-
trathecal w-CgTx MVIIA (Jiang et al., 2013), suggesting that
there is little or no compensatory increase in the expression of
other Cay channels in the Cay2.2 KO mouse strain used here.
This conclusion is consistent with studies of other Cay2.2 KO
strains (Hatakeyama et al., 2001; Kim et al., 2001; Saegusa et al.,
2001).

only) mice to compare postsynaptic currents. LED-evoked post-
synaptic currents were recorded in lamina II neurons. Trpv1-lin-
eage afferent fibers terminate in laminae I, II, and III, as
demonstrated by the expression of ChR2-EYFP in areas both su-
perficial to and deeper than IB4 binding (Fig. 3A). The total
charge and amplitude of light-evoked postsynaptic currents
(PSCs) were consistently smaller in neurons from KO mice
compared with those in WT controls (PSC amplitude, p =
0.008; PSC total charge, p = 5.1 x 10~% Fig. 3B). Light-
evoked PSCs in KO neurons decayed more rapidly com-
pared with WT as reflected by a more transient, and
smaller, slow component of the light-evoked PSC (p =
0.009; Fig. 3B). By contrast, light-evoked PSCs in acute sli-
ces from e37b-only mice were not consistently different
from WT with respect to amplitude, total charge, and decay
time (e37b amplitude, p = 0.950; Fig. 3B). This parallels the
behavioral sensitivity observed in e37b-only mice compared
with WT (Fig. 2F).
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Differences in the degree of attenua-
tion of postsynaptic current amplitudes
during repetitive stimulation is suggestive
of presynaptic involvement (Manabe et
al., 1993; Debanne et al., 1996; Dobrunz
and Stevens, 1997), and the paired-pulse
stimulation protocol is used frequently to
assess presynaptic contributions (Zucker
and Regehr, 2002; Jackman and Regehr,
2017).

We applied 10 light pulses at 1 Hz to
acute spinal cord slices from WT, KO,
and e37b-only mice (Fig. 3C). In all three
genotypes, postsynaptic currents followed
1 Hz stimulation perfectly with no synap-
tic failures (Fig. 3C), but the degree of
depression at KO synapses was consis-
tently reduced compared with WT and
e37b-only synaptic currents (KO, 86% of
the initial EPSC amplitude compared
with 51% and 54% in WT and e37b-only,
respectively; WT vs e37b, p = 0.940; WT
vs KO, p = 0.001; Fig. 3C). These results
are consistent with reduced neurotrans-
mitter release probability at nociceptor
synapses lacking Cay2.2 channels com-
pared with WT (Scheuber et al, 2004;
Nanou and Catterall, 2018; Held et al.,
2020).

A predominately presynaptic role of
Cay2.2 channels in the spinal cord is well
accepted (Diaz and Dickenson, 1997;
Heinke et al, 2004; Motin and Adams,
2008; Jayamanne et al., 2013). But our
data show (1) a reduction in synaptic
transmission in our Cay2.2 KO model
consistent with its presynaptic localization
(decrease in amplified and increase in
paired pulse facilitation) and (2) no meas-
urable difference in the efficacy of synap-
tic transmission in our Cay2.2 €37b-e37b
mouse model (no change in amplitude or
paired-pulse facilitation). Cay2.2 channels
thus regulate behavioral sensitivity and
contribute to transmission of information
about heat and mechanical stimuli. At
higher stimulus intensities, the recruit-
ment of additional nerve fibers likely
compensates for overall reduced release
probability observed in KO mice at a nat-
uralistic stimulation frequency.

We next asked if Cay2.2 channels
contribute to the classic hypersensitivity
response induced by intradermal capsai-
cin, which is a widely used, robust model
of transient hypersensitivity to heat and
mechanical stimuli (Gilchrist et al., 1996;
Caterina et al., 2000). Cay2.2 channels,
and Cay2.2-e37a channel isoforms in
particular, have been preferentially
implicated in the development of several
pain states including hyperalgesia (Diaz
and Dickenson, 1997; Lee et al., 2003;
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Figure 4.  (apsaicin-induced heat hypersensitivity requires Cay2.2 channels. A, Heat sensitivity of plantar hindpaw of WT,

KO, and e37b mice measured before (0 min), and 15 and 30 min after injection of 0.1% w/v capsaicin (blue) or saline (gray).
Left, Responses from individual mice (thin lines, dashed and solid), average data (thick lines), and SE (shaded areas) are
shown for all conditions. Right, Heat responses represented as change from baseline for individual mice (symbols, solid and
open), average (horizontal line), and SE (shaded areas). Mean and SE are for WT/Saline: n = 6 mice, 19.7 % 9.8%; W1/
(apsaicin: n = 23 mice, —76.1 = 2%; KO/Saline: n = 9 mice, —18.9 * 8.8%; KO/Capsaicin: n = 9 mice, —31.1 =
12.4%; e37b/Saline: n = 8 mice, 40.1 = 12.1%; e37b/Capsaicin: n = 8 mice, 30.0 = 11.0%; t and p values for the differ-
ence between saline and capsaicin effects calculated by ANOVA, and Tukey’s HSD correction for multiple comparisons are for
WT/Capsaicin versus KO/Capsaicin, t = 5.395, p = 0.000004; WT/Capsaicin versus e37b/Capsaicin, t=2.751, p=0.021. B,
Mechanical sensitivity of plantar hindpaw of WT, KO, and e37h mice measured before (0 min) and 15 and 30 min after injec-
tion of 0.1% w/v capsaicin (blue) or saline (gray). All experiments were performed under blinded conditions. Left, responses
from individual mice (thin lines), average data (thick lines), and SE (shaded areas) are shown for all conditions. Right,
Mechanical responses represented as change from baseline for individual mice (symbols), average (horizontal line), and SE
(shaded areas). Mean and SE are for WT/Saline: n = 7 mice, —6.9 = 12.8%; WT/Capsaicin: n = 8 mice, —54.7 = 13.4%;
KO/Saline: n = 6 mice, —9.4 =+ 7.8%; KO/Capsaicin: n = 6 mice, —52.2 = 10.5%; e37b/Saline: n = 6 mice, 16.1 =
29.6%; e37b/Capsaicin: n = 6 mice, —78.3 = 3.4%; t and p values calculated by univariate ANOVA and Tukey’s HSD correc-
tion for multiple comparisons are for WT/Capsaicin versus KO/Capsaicin, t = —0.117, p = 0.994; WT/Capsaicin versus e37h/
Capsaicin, t = 1.080, p = 0.996. €, Example calcium responses to saline, capsaicin (200 nm) and high K™ (35 mm) in individ-
ual DRG neurons from Cay2.2 WT (gray), KO (red), and Cay2.2-e37b only (blue) mice. D, Percentage of capsaicin-sensitive
cells among live cells. Mean (line) == SE (shaded area) are for WT: 70.1 = 5.2%, n = 32 wells; KO: 72.8 = 6.0%, n = 20
wells; e37b: 70.7 = 3.4%, n = 32 wells; t and p values calculated by univariate ANOVA and Tukey’s HSD correction for mul-
tiple comparisons are for WT v KO, t = 0.368, p = 0.928; WT versus e37b, t = 0.096, p = 0.995. E, Peak amplitude of cal-
cium responses to capsaicin among capsaicin-sensitive nociceptors. Plot shows distribution of response amplitudes with
median (line) and interquartile range (dark shaded area), as well as individual response amplitudes. Median (interquartile
range) amplitudes were for WT: 2.08 [2.81] df/F, n = 510 cells; KO: 2.31 [2.87] df/F, n = 474 cells; e37b: 3.14 [3.25] df/F,
n =283 cells. P values calculated by pairwise Wilcoxon test with Holm correction for multiple comparisons were for WT ver-
sus KO, p = 0.228 and WT versus e37h, p = 0.000005.
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Figure 5. Capsaicin-induced heat hypersensitivity requires peripheral Cay2.2 channels. A, Heat sensitivity of plantar hindpaw

of WT and KO mice measured before (0 min) and 15 and 30 min after injection of 0.1% w/v capsaicin in WT (blue, n = 23, same
data as in Figure 44), 0.1% w/v capsaicin + 1 um w-conotoxin MVIIA in WT (orange, n = 6), and 0.1% w/v capsaicin in KO
(gray, n =9, same data as in Figure 4A). Left, Responses from individual mice (thin lines, dashed and solid), average data (thick
lines), and SE (shaded areas) are shown for all conditions. Right, Heat responses represented as change from baseline relative to
saline for individual mice (symbols), average (horizontal line), and SE (shaded areas). Mean and SE percent change were for 0.1%
w/v capsaicin + 1 M w-conotoxin MVIIA in WT: —56.2 == 16.0%, x> = 4.185, p = 0.041 (WT capsaicin vs WT capsaicin +
w-conotoxin MVIIA) by Kruskal-Wiallis test. B, Heat sensitivity of plantar hindpaw of WT mice measured before (0 min) and 15
and 30 min after injection of the following different concentrations of cw-conotoxin MVIIA (0, 0.1, 1, 10 zum). Experiments were
conducted by two experimenters under blinded conditions. For all plots, symbols are values measured from individual animals,
average values (solid lines), and SE (shaded areas); F and p values calculated by univariate ANOVA for main effect of dose were
F=0.414 and p = 0.835. (, Heat sensitivity of plantar hindpaw of WT mice measured before (0 min) and 15 and 30 min after
injection of 0.1% w/v capsaicin alone (blue, n = 11), 1 um w-Agatoxin IVA alone (gray, n = 8), and 1 um w-Agatoxin IVA with
0.1% w/v capsaicin (green, n = 16). Experiments were conducted by one experimenter under blinded conditions. Left, Responses
from individual mice (thin lines), average data (thick lines), and SE (shaded areas) are shown for all conditions. Right, Heat
responses represented as change from baseline for individual mice (open symbols), average (horizontal line), and SE (shaded areas).
Mean and SE were for Capsaicin: —57.5 = 4.8%; Capsaicin + Agatoxin: —41.0 == 5.1%; Agatoxin: 6.9 == 9.8%; F and p values
calculated by univariate ANOVA and Tukey’s HSD correction for multiple comparisons are for Capsaicin versus Agatoxin, F = 40.69,
p = 0.0000006; Capsaicin versus Capsaicin + Agatoxin, F = 5.030, p = 0.130. D, Mechanical sensitivity of plantar hindpaw of WT
mice measured before (0 min) and 15 and 30 min after injection of 0.1% w/v capsaicin alone (blue, n = 8), T um w-Agatoxin VA
alone (gray, n =7), and 1 um w-Agatoxin IVA with 0.1% w/v capsaicin (green, n = 6). Experiments were conducted by one experi-
menter under blinded conditions. Left, Responses from individual mice (thin lines), average data (thick lines), and SE (shaded areas)
are shown for all conditions. Right, Mechanical responses represented as change from baseline for individual mice (open symbols),
average (horizontal line), and SE (shaded areas). Mean and SE were for Capsaicin: —58.4 == 6.1%; Capsaicin + Agatoxin: —37.9 =
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Altier et al., 2007; Williams et al., 2008;
Lee, 2013; Patel et al., 2015, 2018).

Cay2.2 channels are critical for
capsaicin-induced heat
hypersensitivity

Capsaicin activates neuronal transient
receptor potential vanilloid 1 (TRPV1)
channels to induce heat hyperalgesia
and mechanical hypersensitivity. We
used intraplantar injections of capsaicin
(0.1% w/v), and at 15 and 30 min after
injection, measured heat and mechani-
cal hypersensitivity in WT, KO, and
e37b-only mice (Fig. 4A). In all three
mouse strains, we observed robust,
spontaneous paw withdrawal responses
immediately following capsaicin injec-
tion, which were gone within 5 min.
This indicated successful injection of
active capsaicin. Before capsaicin injec-
tion, paw withdrawal latencies in KO
animals were longer (heat) and
occurred at higher thresholds (mechan-
ical) compared with WT mice, consist-
ent with data shown in Figure 2C. We
define heat hypersensitivity as a consist-
ent reduction relative to baseline in the
latency to paw withdrawal from a ther-
mal stimulus (see above, Materials and
Methods) and mechanical hypersensi-
tivity as a reduced response threshold
relative to baseline to a continually

«—

5.2%; Agatoxin: —2.7 == 8.4%; F and p values calculated
by univariate ANOVA and Tukey’s HSD correction for mul-
tiple comparisons are for Capsaicin versus Agatoxin
F=29.76, p=0.00,003; Capsaicin versus Capsaicin +
Agatoxin, F=5.997, p=0.118. E, Heat sensitivity of
plantar hindpaw of WT mice measured before (0 min)
and 15 and 30 min after injection of 0.1% w/v capsaicin
(blue, n = 28, including 23 from Figure 54), 0.1% w/v
capsaicin + 6 mm A438079 (orange, n = 9), or 6 mm
A438079 (gray, n = 5). Left, Responses from individual
mice (thin lines), average data (thick lines), and SE
(shaded areas). Right, Heat responses represented as
change from baseline at 15min for individual mice
(symbols), average (horizontal line), and SE (shaded
areas). Mean and SE for 0.1% w/v capsaicin were
—73.5 = 2.5, for 0.1% w/v capsaicin + A438079 were
—8.63 = 183%, and for A438079 were —4.15 *
17.0% change from baseline. Significance relative to
capsaicin alone assessed by pairwise Wilcoxon test with
Holm correction for multiple comparisons, was for capsa-
icn + A438079, p = 0.0001, and for A438079, p =
0.0002. F, IL-1 release from plantar hindpaw skin from
WT and KO mice was quantified using a cell-based re-
porter assay. Left, Data from individual experiment with
technical triplicates showing reduced IL-1 reporter activ-
ity using media conditioned with skin from a KO mouse.
Right, Summary showing results from three independent
biological samples, normalized to WT reporter activity by
experiment. Significance assessed by t test was t =
—13.1, p = 0.006.
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Figure 6. (a,2.2 channels contribute to capsaicin-induced global calcium signals in Trpv1-lineage nociceptors nerve endings in vivo, which are not apparent in immature cultures. 4,
Dissociated DRG stained with Fluo4 after 4 d in culture (top) along with processed image masks (bottom) identifying soma (yellow) and neurites (cyan). Scale bars: 100 wm. B, Calcium signals
measured in soma (top) and neurites (bottom) of capsaicin-sensitive neurons. Responses to consecutive applications of saline, 0.25 uu capsaicin, and 100 mm KCl, without (blue) or with (or-
ange) 3 um w-conotoxin-MVIIA. Scale bars: 1 SF/F and 5 s. ¢, Cumulative distributions of calcium response amplitudes measured in soma (left) and neurites (right) in response to 0.25 m
capsaicin (top) and 100 mm KCI (bottom) without (blue) or with (orange) 3 zum w-CgTx MVIIA. Only neurons that respond to capsaicin are included in this population. D and p values calculated
by Kolmogorov—Smirnov were for capsaicin responses in soma, D = 0.131, p = 0.038 (n = 285 vehicle and n = 194 conotoxin-treated from 3 mice); neurites, D = 0.030, p = 0.901 (n = 657
vehicle-treated and n = 810 conotoxin-treated from 3 mice); and for KCl in TRPV1-positive soma, D = 0.206, p = 0.0001 (n = 285 vehicle and n = 194 conotoxin-treated from 3 mice); and
neurites, D = 0.186, p = 3 X 10~"" (n = 657 vehicle-treated and n = 810 conotoxin-treated from 3 mice). D, Calcium signals measured in soma (top) and neurites (bottom) of « 3 -meATP-
sensitive neurons. Responses to consecutive applications of saline, 500 um a3-meATP, and 100 mm KCl, without (blue) or with (orange) 3 um w-conotoxin-MVIIA. Scale bars: 1 & F/F and
5 s. E, Cumulative distributions of calcium response amplitudes measured in somas (left) and neurites (right) in response to 500 um a3-meATP (top) and 100 mm KCI (bottom) without
(blue) or with (orange) 3 um w-conotoxin-MVIIA. Only neurons that respond to c/3-meATP are included in this population. D and p values calculated by Kolmogorov—Smirnov are for
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increasing mechanical stimulus from innocuous to noxious.
Three experimenters using blinded protocols contributed to
these data, and intraplantar capsaicin elicited heat hypersensitiv-
ity in all WT mice tested (n = 23 mice), whereas saline injection
in WT mice had no effect (n = six mice).

We compared the effects of capsaicin and saline within each
genotype to control for genotype-dependent effects of intraplan-
tar injection itself and observed a striking difference in the effect
of capsaicin relative to saline between WT and KO mice (p =
0.000004; Fig. 4A). WT mice consistently showed thermal hyper-
sensitivity following intraplantar capsaicin relative to saline,
whereas the effects of intraplantar saline and capsaicin in KO
mice were indistinguishable. By contrast, the magnitude of cap-
saicin-induced mechanical hypersensitivity was not distinguish-
able between WT and KO animals (WT mice, p = 0.999; Fig. 4B).
We conclude that Cay2.2 channels contribute to capsaicin-
induced transient heat hypersensitivity, but not to transient me-
chanical hypersensitivity, at least under the conditions of our
experiments (Fig. 4B).

We next assessed capsaicin-mediated heat and mechanical
hypersensitivity in e37b-only mice and found reduced heat
hypersensitivity (e37b, p = 0.021; Fig. 4A) but not mechanical
hypersensitivity (e37b, p = 0.862; Fig. 4B) relative to WT.

To control for the unlikely possibility that the global absence
of Cay2.2 (KO) or restricting e37 splicing options decreased cap-
saicin responsiveness, we compared capsaicin-induced calcium
responses in DRG neurons isolated from WT, KO, and e37b-
only mice (Fig. 4C-E) using an automated calcium imaging
approach (DuBreuil et al, 2021). The percentage of cells
responding to capsaicin (KO, p = 0.928; e37b, p = 0.995; Fig. 4D)
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a3-meATP responses in somas, D = 0.145, p = 0.00,005; neurites, D = 0.073, p = 0.0006;
and for KCl responses in P2X3-positive soma D = 0.075, p = 0.116 (n = 673 vehicle treated,
405 conotoxin treated from 3 mice); and neurites, D = 0.045, p =0.090 (n = 1639 vehicle
treated, 819 conotoxin treated from 3 mice). F, Reconstructed Z-stack images of two-photon
imaging of plantar hindpaw in vivo. Left, Trpv1®?"*/~ mice. Three panels: Dextran
Texas-Red (red, in blood vessels), Trpv1-nociceptors (green), and merged. Right,
Trple("MPm/ ~ mice. Three images, Dextran Texas-Red (red, in blood vessels), GCaMP6f sig-
nal (green), and merged. Scale bar, 50 rm. Note there is no background GCaMP6f signal
under control naive conditions. Pulse source laser simultaneously tuned to 920 nm for
GCaMP6f, and 1040 nm for dextran Texas-Red. G Two-photon functional imaging showing
reconstructed Z-stack images for Trpvi-lineage nociceptor nerve endings (green) in
Trpu 1°C@MPS+ /= mice after 5, 15, and 30 min intraplantar capsaicin (left), or coinjection with
w-conotoxin-MVIIA (right). Scale bar, 30 um. H, Heat map showing GCaMP6f calcium sig-
nals for each individual nerve at 15 and 30 min time points in response to capsaicin alone
(left) or capsaicin with -conotoxin-MVIIA (right). Data are normalized to maximum capsai-
cin-induced response at 5 min. The normalization to the 5 min time point was necessary to
compare across nerves and across animals, and the 5 min time point was the earliest signal
we could acquire following motion distortion from the intraplantar capsaicin injection. We
only analyzed nerves that showed a positive response to capsaicin. /, Cumulative distribution
of response amplitude for GCaMP6f signal in free nerve endings in skin after 15 (left) and
30 min (right) intraplantar capsaicin (blue), or coinjected with w-conotoxin-MVIIA (orange).
Data normalized to max GCaMP6f signal at 5 min. Significance, assessed by Kolmogorov—
Smirnov test, for 15 min responses, D = 0.253, p = 0.0004, and 30 min responses, D =
0.141, p = 0.1427 (n = 122 nerves, 3 mice capsaicin alone; n = 146 nerves, 3 mice capsaicin
with w-conotoxin-MVIIA). J, Response amplitude of GCaMP6f signal at 15 (left) and 30 min
(right) following intraplantar capsaicin alone (blue) or coinjected with w-conotoxin-MVIIA
(orange). Responses are represented as percent change from the 5min maximum response
to capsaicin for each nerve analyzed (closed symbols) together with the average (horizontal
line), and SE (shaded areas) for 268 nerves from six mice. Significance, assessed by repeated
measures ANOVA with Tukey's HSD post hoc correction for multiple comparisons, for 15 min
response, t = —3.246, p = 0.0011, and 30 min response, t = —1.565, p = 0.2712 (n = 122
nerves, 3 mice capsaicin alone; n = 146 nerves, 3 mice capsaicin with w-conotoxin-MVIIA).
Data sampling and analyses were conducted under blinded conditions.
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were not different across mouse strains, and the amplitude of
capsaicin-induced calcium responses of KO cells relative to WT
(KO, p = 0.228; Fig. 4E) were not distinguishable, although there
was a small but consistent shift toward larger amplitude
responses in e37b-only cells relative to WT (e37b, p = 0.000005;
Fig. 4F).

Our findings point to a new role for Cay2.2 channels in cap-
saicin-induced heat hypersensitivity via TRPV1-expressing noci-
ceptors. Our data also suggest that Cay2.2-e37a channels may be
necessary for the maximum heat hypersensitivity phenotype in
response to dermal capsaicin. Cay2.2 channels are completely
absent in the Cay2.2 KO mouse model at central and peripheral
sites; therefore, we next used pharmacological inhibition of
Cay2.2 channels in WT mice to test whether local activation of
Cay2.2 channels in skin is essential for capsaicin-induced
hypersensitivity.

Peripheral Cay2.2 channels are critical for capsaicin-induced
heat hypersensitivity

We used intraplantar w-CgTx MVIIA to inhibit peripheral
Cay2.2 channels and w-Aga IVA to inhibit peripheral Cay2.1
channels and measured the impact on capsaicin-induced heat
and mechanical hypersensitivity (Fig. 5). Capsaicin injection
induced immediate, short-term (up to 5 min) behavioral
responses, including paw shaking, independent of intraplantar
w-CgTx MVIIA or w-Aga IVA. Neither toxin alone affected be-
havioral responses to heat and mechanical stimuli (Fig. 5). We
measured heat and mechanical hypersensitivity at 15min and
30 min following capsaicin injection as the change from baseline
in latency to paw withdrawal from a thermal stimulus and me-
chanical force required to elicit paw withdrawal (see above,
Materials and Methods).

Heat sensitivity measured at 15 min was reduced by w-CgTx
MVIIA coinjected with capsaicin, relative to capsaicin alone (p =
0.041; Fig. 5A). These experiments provide strong evidence that
local Cay2.2 channel activation in skin is required for the devel-
opment of capsaicin-induced heat hypersensitivity. Intrathecal
w-CgTx MVIIA attenuates basal nociception (Jiang et al., 2013;
Wang et al., 2000); therefore, to control for the unlikely possibil-
ity that intraplantar w-CgTx MVIIA reaches the spinal cord, we
assessed behavioral responses in WT mice to heat in the presence
of increasing concentrations of w-CgTx MVIIA in the absence
of capsaicin 15-30min after injection (Fig. 5B). Intraplantar
w-CgTx MVIIA (0.1, 1, and 10 um) did not impair behavioral
responses to heat (p = 0.835, Fig. 5B), which is evidence that
intraplantar w-CgTx MVIIA does not reach the spinal cord, at
least during the time course for these behavioral measurements.

DRG neurons including nociceptors and mechanoreceptors
express multiple voltage-gated calcium channel genes, and both
Cay2.2 and Cay2.1 channels trigger vesicular release of transmit-
ters (Heinke et al., 2004; Zheng et al., 2019). To assess the speci-
ficity of Cay2.2 channel involvement in capsaicin-induced heat
hypersensitivity, we used the highly selective Cay2.1 channel in-
hibitor w-Agatoxin IVA. Intraplantar w-AgaIVA (1 um) had no
effect on baseline heat-induced paw withdrawal responses and
no effect on capsaicin-induced heat hypersensitivity (p = 0.130;
Fig. 5C). Capsaicin-induced mechanical hypersensitivity was
somewhat reduced on average by w-AgalVA (1 um), although
this effect was not consistent (p = 0.118; Fig. 5D). These data pro-
vide evidence that local activation of peripheral Cay2.2, but not
Cay2.1 channels in skin are required for capsaicin-induced heat
hypersensitivity.
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Peripheral Cay2.2 channels activated by capsaicin-induced
membrane depolarization may trigger transmitter release from
nociceptor nerve endings in the skin. Several inflammatory fac-
tors are released from nociceptor free nerve endings and contrib-
ute to neurogenic inflammation (Baraldi et al., 2004; Pankratov
et al., 2006; Burnstock, 2007; Woolf and Ma, 2007; Teixeira et al.,
2010; Chiu et al.,, 2012; Teixeira et al., 2014; Burnstock, 2016;
Chai et al, 2017). Among these, ATP has been shown to act
through P2X7 receptor signaling in inflammatory hyperalgesia
(Teixeira et al., 2010; 2014).

We used the P2X7 antagonist A438079 to inhibit local ATP
signaling in skin (Jarvis et al, 2001; Chessell et al, 2005;
McGaraughty et al., 2007). Intraplantar A438079 (6 mm) attenu-
ated capsaicin-induced heat hypersensitivity (p = 0.0001; Fig.
5E), consistent with ATP release downstream of TRPV1 channel
activation. The involvement of P2X7 receptors in capsaicin-
evoked hyperalgesia implicates non-neuronal cells, and P2X7
receptor activation triggers the release of the prominent
inflammatory mediator IL-1 (Giuliani et al., 2017). This raises
the possibility that Cay2.2 channel activation might trigger
downstream pathways that induce IL-1 release in skin. We
compared the spontaneous release of IL-1 from isolated skin
samples in WT and KO mice. We cultured plantar hindpaw
skin from WT and KO mice for 72 h, collected conditioned
media, and quantified IL-1 levels using a cell-based reporter
assay. IL-1 levels from skin of KO mice were 40% of that from
WT (p = 0.006, Fig. 5F). Our data suggest that P2X7 receptor
activation is involved in capsaicin-mediated heat hypersensi-
tivity and that spontaneous release of IL-1 from skin depends
on the presence of Cay2.2 channels.

Cay2.2 channels contribute to capsaicin-evoked intracellular
calcium in peripheral axons of Trpvl-lineage nociceptors in
vivo but not in immature neurites in culture

Our model predicts that capsaicin induces calcium influx
through Cay2.2 channels in TRPV1-nociceptors, presumably via
TRPV1 receptor-mediated depolarization. To provide evidence
for Cay2.2-dependent calcium signals in TRPV1 nociceptors, we
first measured intracellular calcium in soma and neurites of
mouse primary DRG neurons grown for 4 d in culture (Fig. 6A-
E). TRPV1-nociceptors were identified based on their respon-
siveness to capsaicin, and calcium signals were acquired in
response to sequential capsaicin (250 nm) and high K™ (100 mm)
stimulation, in the absence and presence of w-CgTx MVIIA
(3 um; Fig. 6B). Treatment with w-CgTx MVIIA reduced the
amplitude of calcium signals elicited by high K in soma (p =
0.001) and neurites (p = 3101 of TRPV1-nociceptors, but
w-CgTx MVIIA did not affect capsaicin-evoked calcium
responses in neurites, although it did have a small but consistent
effect on a subset of larger amplitude signals in soma (soma, p =
0.038, neurites, p = 0.901; Fig. 6C). For comparison, we also
measured intracellular calcium in soma and neurites of nonpep-
tidergic P2X3-expressing nociceptors identified by sensitivity to
af-methylene ATP (meATP; 500 um; Shiers et al., 2020; Fig.
6D). In contrast to TRPV1-nociceptors, w-CgTx MVIIA had
much smaller effects on high K™ -induced calcium responses in
P2X3 neurons in neurites (p = 0.090) but small effects on larger
amplitude intracellular calcium evoked by high K* or meATP in
soma (p = 0.116; p = 0.00,005), and in neurites across a slightly
broader range of amplitudes (p = 0.006, Fig. 6E; North, 2016).
These data confirm that TRPV1 nociceptors in culture express
Cay2.2 channels in both soma and neurites (Fig. 6B,C) and that
TRPV1 receptor activation by capsaicin elicits a robust
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intracellular calcium response throughout the neuron, but
TRPV1 activation by capsaicin did not elicit detectable calcium
signals through Cay2.2 channels in neurites in these cultures.
Neurites in culture lack cell-cell interactions and other molecules
that may regulate the precise composition or proximity of signal-
ing molecules in axon termini in skin found in vivo.

We therefore established conditions to image intracellular cal-
cium in Trpvl-lineage nociceptor axons innervating the plantar
hindpaw in vivo. Using two-photon imaging of Trpy]S“*MPei+/=
mice, along with vascular labeling by intravenous Texas Red dex-
tran, we measured intracellular calcium signals in response
to capsaicin in Trpvl-lineage nociceptor nerve endings of
Trpv19“MPO™/~ mice using the coimaged blood vessels as a ref-
erence both during image acquisition and postacquisition
motion correction. By this approach, we visualized Trpvl-line-
age nociceptor nerve endings reliably within 200 pm from epi-
thelial skin cells, in the same focal planes as the blood vessel
network (Fig. 6F).

We assessed intracellular calcium in Trpvl-lineage nociceptor
axons elicited by intraplantar injection of capsaicin (0.1% w/v)
alone or capsaicin with w-CgTx MVIIA (1 um). We analyzed
>120 nerves for each condition and only unmasked the experi-
mental conditions postanalyses. Capsaicin injection caused
motion distortion that we could not correct at early time points,
but within 5 min reliable image acquisition was possible (Fig. 6G,
H). We therefore analyzed image stacks spanning the 200 pm
immediately adjacent to the epidermis at 5, 15, and 30 min
after injection (Fig. 6G). Basal levels of calcium-bound
GCaMPé6f were undetectable (Fig. 6F). All analyses were per-
formed on axonal endings that responded within 30 min of
capsaicin application (n = 120 fibers from three mice), and
calcium response amplitudes were expressed as normalized
values relative to the 5min postinjection time point. Heat
maps, cumulative plots, and scatter plots show that at 15 min
postinjection, response amplitudes of w-CgTx MVIIA-
treated axon endings were decreased overall relative to the
untreated fibers (p = 0.0004), whereas 30 min capsaicin
response amplitudes were not consistently different on aver-
age between capsaicin and capsaicin plus w-CgTx MVIIA (p
= 0.1427; Fig. 6I). Capsaicin-induced intracellular calcium
kinetics parallel behavioral responses to capsaicin. In the ab-
sence of w-CgTx MVIIA, the average capsaicin-induced intra-
cellular calcium response peaked at 15 min (Fig. 6]), whereas, in
the presence of w-CgTx MVIIA, the average intracellular cal-
cium levels were reduced relative to the 5min time point (Fig.
6]). These data show that Cay2.2 channels in Trpvl-lineage
nociceptors contribute to the intracellular calcium signal
induced by capsaicin in nerve endings innervating the plantar
hindpaw in vivo.

Our data reveal an underappreciated, essential, and selective
role for Cay2.2 channels in TRPV1-nociceptor peripheral axons
in capsaicin-induced heat but not in mechanical hypersensitivity.
TRPV1-nociceptor-specific Cay2.2 channel splice isoforms con-
taining e37a may have a unique role in capsaicin-induced heat
hyperalgesia that is not fully supported by Cay2.2 e37b splice
isoforms.

Discussion

Cay2.2 channels are important targets of analgesic drugs and
neuromodulators that regulate calcium entry at presynaptic ter-
minals. Our data show that Cay2.2 channel activity in TRPV1
nociceptor nerve endings in skin is critical for capsaicin-induced
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transient hyperalgesia to heat but not for mechanical hypersensi-
tivity (Figs. 4, 5). Baseline responses were unaffected by intra-
plantar inhibition of Cay2.2 channels (Fig. 5), pointing to a
selective role for peripheral Cay2.2 channels in controlling
hypersensitivity to heat. As best we can tell, only one other group
has evidence that peripheral Cay2.2 channel activation is im-
portant for development of hypersensitivity. In a peripheral
nerve injury model, daily intradermal inhibition of Cay2.2
but not Cay2.1 was reported to reduce mechanical hypersen-
sitivity (White and Cousins, 1998). More recently, peripheral
application of a dual Cay2.2 and Nay1.8 inhibitor (CNCB-2)
was shown to attenuate heat and mechanical hypersensitivity
in postoperative and inflammatory pain models, although
this study did not assess the role of Cay2.2 directly (Lee et
al., 2019). Aside from these studies, the field has essentially
focused on the role of Cay2.2 channels at central sites while
overlooking the role of Cay2.2 channels at peripheral nerve
endings.

Our findings elucidate a key step involved in the capsaicin-
induced inflammatory response in skin; establish a unique
role for Cay2.2 channels in capsaicin-induced heat, but not
mechanical hypersensitivity; and demonstrate that local inhi-
bition of Cay2.2 channels can occlude certain forms of heat
hypersensitivity independent of the role of Cay2.2 channels
in the transmission from peripheral to central sites
(Hatakeyama et al., 2001; Kim et al., 2001; Saegusa et al,,
2001). Our findings do not imply that central mechanisms
are not in play; they must be. But we do show that interrupt-
ing the Cay2.2-dependent calcium signal at peripheral sites
can mitigate at least transient, and potentially more persis-
tent, forms of heat hypersensitivity.

Peripheral Cay2.2 channels in skin required for heat
hypersensitivity

Capsaicin-induced heat and mechanical hypersensitivity is a ro-
bust model of transient neurogenic inflammation. However, little
or no attention has been paid to understanding how capsaicin-
induced depolarization of TRPV1 nociceptors triggers an inflam-
matory response (Sweitzer et al., 2004). Our studies support a
model in which Cay2.2 channels in peripheral nerve termini are
activated by capsaicin-induced depolarization, and we suggest
that the calcium that enters nerve endings through Cay2.2 chan-
nels is a critical early step in the development of hypersensitivity.
Capsaicin can also trigger action potentials in DRG neurons
(Blair and Bean, 2002; Castiglioni et al., 2006), which could
potentially back propagate and contribute to calcium entry
(Gossard et al., 1999; Gafurov et al., 2020), although it is not
known if such signals could reach peripheral nerve termini
innervating skin.

Exocytosis of peptidergic and ATP-containing vesicles is
widely acknowledged to follow nociceptor activation (Louis
et al., 1989; Chiu et al., 2012; Gouin et al., 2017), and our
study suggests that Cay2.2 channels are the critical link
between these two steps in neurogenic heat hyperalgesia
(Huang and Neher, 1996; Meng et al., 2007; Jung et al.,
2014). In culture and in vivo calcium imaging showed that
Cay2.2 channels contribute to depolarization-mediated in-
tracellular calcium in TRPV1 nociceptors, but we only found
evidence of a link between TRPV1 receptor activation and
Cay2.2 channel activation in vivo. It is possible that neurites
in culture lack cell-cell interactions and other molecules that
may regulate the precise composition or proximity of signal-
ing molecules in axon termini in skin found in vivo.
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Figure 7.  Proposed mechanism for Ca,2.2 channel involvement in capsaicin-induced heat
hypersensitivity. Capsaicin binds TRPV1 channels on Trpv1-nociceptor nerve endings in skin,
the nociceptor membrane depolarizes, (a,2.2 channels open, calcium enters nociceptors
through Cay2.2 channels and through Trpv1 channels. Calcium entry through Cay2.2 channels
triggers ATP release from secretory vesicles, which acts via second order cells to trigger tran-
sient heat hypersensitivity.

Cay2.2 channels in nerve endings in skin contribute global
calcium signals

The contribution of Cay2.2 calcium to the global intracellular
calcium signal in nociceptors is relatively small because global
calcium is derived from many sources including multiple cal-
cium-permeable plasma membrane ion channels (TRPV1,
TRPA1, Cayl1.2, Cayl.3, Cay2.1, Cay2.2, and Cay3.2) and
calcium release from intracellular stores triggered by calcium
(Lipscombe et al., 1988; Holliday et al., 1991; Llano et al.,
1994; Usoskin et al., 2015; Renthal et al., 2020). Nonetheless,
we found consistent evidence that Cay2.2 channels contrib-
ute to the capsaicin-induced calcium signals in nerve endings
in skin in vivo.

Cay2.2 channels couple membrane depolarization to exo-
cytosis of a range of neurotransmitter-containing vesicles
including peptides (Waterman, 1997; Sher et al, 1998;
Catterall, 1999; Pankratov et al., 2006; Kamp et al., 2012;
Zamponi et al., 2015; Chai et al., 2017). Our data implicate
Cay2.2 channels in TRPV1 nociceptor nerve endings in skin
in early events, likely transmitter release, that trigger capsai-
cin-induced heat hypersensitivity (Fig. 5; Cook and
McCleskey, 2002; Burnstock, 2007; Jung et al, 2014;
Burnstock, 2016), and it is possible that coincident calcium
signals, through TRPV1 and Cay2.2 channels, may be neces-
sary to initiate this signaling cascade.

Capsaicin-induced heat hypersensitivity was eliminated by
local P2X7 receptor block, and, as P2X7 receptors are located
on non-neuronal cells (Kaczmarek-Hajek et al., 2018), our
data implicate non-neuronal cells in the development of
transient heat hypersensitivity induced by intraplantar cap-
saicin. For example, we show that spontaneous release of
interleukin-1 is attenuated in skin from Cay2.2 KO mice rel-
ative to wild-type control. Other inflammatory signals,
including neuropeptides and cytokines, likely act in synergy
with or downstream of ATP (Chiu et al., 2012), and Cay2.2
channels may also contribute to release of these factors from
microglia (Saegusa et al., 2001), sympathetic neurons
(Lipscombe et al., 1989; Ren et al., 2005), or TRPV1 nocicep-
tor nerve endings by lysosomal exocytosis or bulk release
through dying cell pores (Cook and McCleskey, 2002;
Burnstock, 2007; Jung et al., 2014).
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Cay2.2 channels in nerve endings in skin specifically regulate
heat hypersensitivity

Local block of Cay2.2 channels in skin by w-CgTx-MVIIA spe-
cifically attenuated capsaicin-induced heat hypersensitivity in
mice while leaving mechanical hypersensitivity and basal noci-
ception intact. This is consistent with the divergent signaling
pathways that support heat and mechanical hypersensitivity
(Fuchs et al., 2001; Liu and Ma, 2011; Ebbinghaus et al., 2012;
Usoskin et al., 2015; Li et al., 2016; Ghitani et al, 2017).
Peripheral inhibition of Cay2.2 by w-CgTx-MVIIA has been
reported previously to attenuate mechanical hypersensitivity in a
peripheral nerve injury model of chronic pain (White and
Cousins, 1998), suggesting that in addition to a role in transient
heat hypersensitivity, peripheral Cay2.2 channels may also con-
tribute to a positive feedback cycle of ongoing local release of
pro-inflammatory mediators and nociceptor depolarization in
chronic inflammation (Fig. 7).

Peripheral inhibition of Cay2.2 channels for analgesia

Cay2.2 channels are important targets for the development of
non-opioid analgesics, and although it has limited use, w-CgTx-
MVIIA relieves pain in patients with otherwise intractable
chronic pain (McGivern, 2007; Zeilhofer et al., 2012; Lee, 2013;
Zamponi et al., 2015; Yekkirala et al., 2017). Local application of
ion channel blockers of Cay2.2 (shown here) and a dual inhibitor
of Cay2.2, Nay1.7 and Nay1.8 (Lee et al., 2019) may have clinical
utility against certain inflammatory responses by interrupting
local reinforcing signals that contribute to neuronal sensitization.
A peripheral site of action also circumvents the debilitating side
effects that accompany spinal level administration of w-CgTx-
MVIIA (Miljanich, 2004).

Peripheral Cay2.2 channel slice isoforms

Cay2.2-e37a channel splice isoforms, which are expressed in
Trpvl-lineage nociceptors (Bell et al, 2004; Lopez Soto and
Lipscombe, 2020) are necessary for the complete expression of
capsaicin-induced heat hypersensitivity (Fig. 4). By contrast,
Cay2.2-e37a and Cay2.2-e37b channels appear to be fully inter-
changeable with respect to their function in supporting acute
nociception (Figs. 2, 3; Andrade et al,, 2010). Compared with
Cay2.2-e37b, Cay2.2-e37a channels are trafficked more effi-
ciently to the cell surface, and they are more susceptible to Gai/
o-dependent inhibition including by p-opioid receptors (Raingo
et al, 2007; Andrade et al.,, 2010; Marangoudakis et al., 2012; Jiang
et al,, 2013; Macabuag and Dolphin, 2015; Gandini et al., 2019;
Lopez Soto et al., 2019). We speculate that Cay2.2-e37a isoforms
are trafficked with greater efficiency, compared with Cay2.2-e37b
isoforms, to peripheral axon endings in skin, accounting for their
specialized role in capsaicin-induced heat hypersensitivity.
Alternatively, Cay2.2-e37a isoforms may colocalize preferentially
with TRPV1 receptors. Isoform-selective inhibitors specifically tar-
geting Cay2.2-e37a channels might be expected to preferentially
act on nociceptor Cay2.2 channels at peripheral sites that mediate
heat hypersensitivity, with fewer off-target effects and without
affecting acute nociception (Bell et al., 2004; Altier et al., 2007;
Andrade et al., 2010; Jiang et al., 2013).

Much progress has been made in identifying and inhibiting
the downstream actions of inflammatory mediators that are
released in response to chemical irritants, tissue injury, and in
certain diseases. Our studies show that Cay2.2 channels are criti-
cal for the action, and likely release, of early inflammatory medi-
ators including ATP implicated in several animal models of the
hypersensitivity to stimuli that follows transient and prolonged
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forms of neurogenic inflammation. Heat hypersensitivity devel-
ops in sensory nerves following capsaicin exposure, and this pro-
cess depends on Cay2.2 channel activation, and this has
important implications for optimal strategies to reduce or pre-
vent different types of pain pathologies.

References

Altier C, Dale CS, Kisilevsky AE, Chapman K, Castiglioni AJ, Matthews EA,
Evans RM, Dickenson AH, Lipscombe D, Vergnolle N, Zamponi GW
(2007) Differential role of N-type calcium channel splice isoforms in
pain. ] Neurosci 27:6363-6373.

Andrade A, Denome S, Jiang YQ, Marangoudakis S, Lipscombe D (2010)
Opioid inhibition of N-type Ca2+ channels and spinal analgesia couple
to alternative splicing. Nat Neurosci 13:1249-1256.

Bannister K, Kucharczyk M, Dickenson AH (2017) Hopes for the future of
pain control. Pain Ther 6:117-128.

Baraldi PG, Di Virgilio F, Romagnoli R (2004) Agonists and antagonists act-
ing at P2X7 receptor. Curr Top Med Chem 4:1707-1717.

Bell TJ, Thaler C, Castiglioni AJ, Helton TD, Lipscombe D (2004) Cell-spe-
cific alternative splicing increases calcium channel current density in the
pain pathway. Neuron 41:127-138.

Blair NT, Bean BP (2002) Roles of tetrodotoxin (TTX)-sensitive Na+ cur-
rent, TTX-resistant Na+ current, and Ca2+ current in the action poten-
tials of nociceptive sensory neurons. ] Neurosci 22:10277-10290.

Bowersox S, Mandema J, Tarczy-Hornoch K, Miljanich G, Luther RR (1997)
Pharmacokinetics of SNX-111, a selective N-type calcium channel
blocker, in rats and cynomolgus monkeys. Drug Metab Dispos 25:379-
383.

Burnstock G (2007) Physiology and pathophysiology of purinergic neuro-
transmission. Physiol Rev 87:659-797.

Burnstock G (2016) Purinergic mechanisms and pain. Adv Pharmacol
75:91-137.

Castiglioni AJ, Raingo ], Lipscombe D (2006) Alternative splicing in the C-
terminus of CaV2.2 controls expression and gating of N-type calcium
channels. ] Physiol 576:119-134.

Caterina MJ, Leffler A, Malmberg AB, Martin W], Trafton ], Petersen-Zeitz
KR, Koltzenburg M, Basbaum Al, Julius D (2000) Impaired nociception
and pain sensation in mice lacking the capsaicin receptor. Science
288:306-313.

Catterall WA (1999) Interactions of presynaptic Ca2+ channels and snare
proteins in neurotransmitter release. Ann N'Y Acad Sci 868:144-159.
Cavanaugh DJ, Chesler AT, Jackson AC, Sigal YM, Yamanaka H, Grant R,
O’Donnell D, Nicoll RA, Shah NM, Julius D, Basbaum AI (2011) Trpvl
reporter mice reveal highly restricted brain distribution and functional

expression in arteriolar smooth muscle cells. ] Neurosci 31:5067-5077.

Chai Z, Wang C, Huang R, Wang Y, Zhang X, Wu Q, Wang Y, Wu X, Zheng
L, Zhang C, Guo W, Xiong W, Ding J, Zhu F, Zhou Z (2017) CaV2.2
gates calcium-independent but voltage-dependent secretion in mamma-
lian sensory neurons. Neuron 96:1317-1326.e4.

Chaplan SR, Pogrel JW, Yaksh TL (1994) Role of voltage-dependent calcium
channel subtypes in experimental tactile allodynia. ] Pharmacol Exp Ther
269:1117-1123.

Chessell IP, Hatcher JP, Bountra C, Michel AD, Hughes JP, Green P, Egerton
J, Murfin M, Richardson J, Peck WL, Grahames CB, Casula MA, Yiangou
Y, Birch R, Anand P, Buell GN (2005) Disruption of the P2X7 purinocep-
tor gene abolishes chronic inflammatory and neuropathic pain. Pain
114:386-396.

Chiu IM, von Hehn CA, Woolf CJ (2012) Neurogenic inflammation and the
peripheral nervous system in host defense and immunopathology. Nat
Neurosci 15:1063-1067.

Cook SP, McCleskey EW (2002) Cell damage excites nociceptors through
release of cytosolic ATP. Pain 95:41-47.

Costigan M, Woolf CJ (2000) Pain: molecular mechanisms. ] Pain 1:35-44.

Costigan M, Scholz J, Woolf CJ (2009) Neuropathic pain: a maladaptive
response of the nervous system to damage. Annu Rev Neurosci 32:1-32.

Debanne D, Guérineau NC, Gahwiler BH, Thompson SM (1996) Paired-
pulse facilitation and depression at unitary synapses in rat hippocampus:
quantal fluctuation affects subsequent release. ] Physiol 491:163-176.

Diaz A, Dickenson AH (1997) Blockade of spinal N- and P-type, but not L-
type, calcium channels inhibits the excitability of rat dorsal horn neuro-
nes produced by subcutaneous formalin inflammation. Pain 69:93-100.


http://dx.doi.org/10.1523/JNEUROSCI.0307-07.2007
https://www.ncbi.nlm.nih.gov/pubmed/17567797
http://dx.doi.org/10.1038/nn.2643
https://www.ncbi.nlm.nih.gov/pubmed/20852623
http://dx.doi.org/10.1007/s40122-017-0073-6
https://www.ncbi.nlm.nih.gov/pubmed/28536900
http://dx.doi.org/10.2174/1568026043387223
https://www.ncbi.nlm.nih.gov/pubmed/15579103
http://dx.doi.org/10.1016/s0896-6273(03)00801-8
https://www.ncbi.nlm.nih.gov/pubmed/14715140
https://www.ncbi.nlm.nih.gov/pubmed/12451128
https://www.ncbi.nlm.nih.gov/pubmed/9172958
http://dx.doi.org/10.1152/physrev.00043.2006
https://www.ncbi.nlm.nih.gov/pubmed/17429044
http://dx.doi.org/10.1016/bs.apha.2015.09.001
https://www.ncbi.nlm.nih.gov/pubmed/26920010
http://dx.doi.org/10.1113/jphysiol.2006.115030
https://www.ncbi.nlm.nih.gov/pubmed/16857708
http://dx.doi.org/10.1126/science.288.5464.306
https://www.ncbi.nlm.nih.gov/pubmed/10764638
http://dx.doi.org/10.1111/j.1749-6632.1999.tb11284.x
https://www.ncbi.nlm.nih.gov/pubmed/10414292
http://dx.doi.org/10.1523/JNEUROSCI.6451-10.2011
https://www.ncbi.nlm.nih.gov/pubmed/21451044
http://dx.doi.org/10.1016/j.neuron.2017.10.028
https://www.ncbi.nlm.nih.gov/pubmed/29198756
https://www.ncbi.nlm.nih.gov/pubmed/8014856
http://dx.doi.org/10.1016/j.pain.2005.01.002
https://www.ncbi.nlm.nih.gov/pubmed/15777864
http://dx.doi.org/10.1038/nn.3144
https://www.ncbi.nlm.nih.gov/pubmed/22837035
http://dx.doi.org/10.1016/s0304-3959(01)00372-4
https://www.ncbi.nlm.nih.gov/pubmed/11790466
http://dx.doi.org/10.1054/jpai.2000.9818
https://www.ncbi.nlm.nih.gov/pubmed/14622841
http://dx.doi.org/10.1146/annurev.neuro.051508.135531
https://www.ncbi.nlm.nih.gov/pubmed/19400724
http://dx.doi.org/10.1113/jphysiol.1996.sp021204
https://www.ncbi.nlm.nih.gov/pubmed/9011608
http://dx.doi.org/10.1016/S0304-3959(96)03271-X

DuBreuil, Lopez Soto et al. @ Peripheral Cay2.2 Channels Control Heat Hypersensitivity

Dobrunz LE, Stevens CF (1997) Heterogeneity of release probability, facilita-
tion, and depletion at central synapses. Neuron 18:995-1008.

DuBreuil DM, Chiang BM, Zhu K, Lai X, Flynn P, Sapir Y, Wainger BJ
(2021) A high-content platform for physiological profiling and unbiased
classification of individual neurons. Cell Reports Methods 1:100004.

Ebbinghaus M, Uhlig B, Richter F, von Banchet GS, Gajda M, Briuer R,
Schaible HG (2012) The role of interleukin-18 in arthritic pain: main
involvement in thermal, but not mechanical, hyperalgesia in rat antigen-
induced arthritis. Arthritis Rheum 64:3897-3907.

Francavilla F, Battista N, Barbonetti A, Vassallo MR, Rapino C, Antonangelo
C, Pasquariello N, Catanzaro G, Barboni B, Maccarrone M (2009)
Characterization of the endocannabinoid system in human spermatozoa
and involvement of transient receptor potential vanilloid 1 receptor in
their fertilizing ability. Endocrinology 150:4692-4700.

Fuchs PN, Meyer RA, Raja SN (2001) Heat, but not mechanical hyperalgesia,
following adrenergic injections in normal human skin. Pain 90:15-23.
Gafurov O, Koroleva K, Giniatullin R (2020) Antidromic spike propagation
and dissimilar expression of P2X, 5-HT, and TRPV1 channels in periph-
eral vs. central sensory axons in meninges. Front Cell Neurosci

14:623134.

Gandini MA, Souza IA, Raval D, Xu ], Pan YX, Zamponi GW (2019)
Differential regulation of Cav2.2 channel exon 37 variants by alternatively
spliced u-opioid receptors. Mol Brain 12:98.

Ghitani N, Barik A, Szczot M, Thompson JH, Li C, Le Pichon CE, Krashes
M]J, Chesler AT (2017) Specialized mechanosensory nociceptors media-
ting rapid responses to hair pull. Neuron 95:944-954.e4.

Gilchrist HD, Allard BL, Simone DA (1996) Enhanced withdrawal responses
to heat and mechanical stimuli following intraplantar injection of capsai-
cin in rats. Pain 67:179-188.

Giuliani AL, Sarti AC, Falzoni S, Di Virgilio E (2017) The P2X7 Receptor-
Interleukin-1 Liaison. Front Pharmacol 8:123.

Gossard JP, Bouyer L, Rossignol S (1999) The effects of antidromic dis-
charges on orthodromic firing of primary afferents in the cat. Brain Res
825:132-145.

Gouin O, L'Herondelle K, Lebonvallet N, Le Gall-Ianotto C, Sakka M, Buhé
V, Plée-Gautier E, Carré J-L, Lefeuvre L, Misery L, Le Garrec R (2017)
TRPV1 and TRPA1 in cutaneous neurogenic and chronic inflammation:
pro-inflammatory response induced by their activation and their sensiti-
zation. Protein Cell 8:644-661.

Hargreaves K, Dubner R, Brown F, Flores C, Joris ] (1988) A new and sensi-
tive method for measuring thermal nociception in cutaneous hyperalge-
sia. Pain 32:77-88.

Hatakeyama S, Wakamori M, Ino M, Miyamoto N, Takahashi E, Yoshinaga
T, Sawada K, Imoto K, Tanaka I, Yoshizawa T, Nishizawa Y, Mori Y,
Niidome T, Shoji S (2001) Differential nociceptive responses in mice
lacking the alpha(1B) subunit of N-type Ca(2+) channels. Neuroreport
12:2423-2427.

Heinke B, Balzer E, Sandkiihler J (2004) Pre- and postsynaptic contributions
of voltage-dependent Ca2+ channels to nociceptive transmission in rat
spinal lamina I neurons. Eur ] Neurosci 19:103-111.

Held RG, Liu C, Ma K, Ramsey AM, Tarr TB, De Nola G, Wang SSH, Wang
J, van den Maagdenberg A, Schneider T, Sun ], Blanpied TA, Kaeser PS
(2020) Synapse and active zone assembly in the absence of presynaptic
Ca(2+) channels and Ca(2+) entry. Neuron 107:667-683.e9.

Holliday J, Adams RJ, Sejnowski TJ, Spitzer NC (1991) Calcium-induced
release of calcium regulates differentiation of cultured spinal neurons.
Neuron 7:787-796.

Horvéith G, Brodacz B, Holzer-Petsche U (2001) Role of calcium channels in
the spinal transmission of nociceptive information from the mesentery.
Pain 93:35-41.

Hsieh YL, Lin CL, Chiang H, Fu YS, Lue JH, Hsieh ST (2012) Role of pepti-
dergic nerve terminals in the skin: reversal of thermal sensation by calci-
tonin gene-related peptide in TRPV1-depleted neuropathy. PLoS One 7:
e50805.

Huang LY, Neher E (1996) Ca(2+)-dependent exocytosis in the somata of
dorsal root ganglion neurons. Neuron 17:135-145.

Jackman SL, Regehr WG (2017) The mechanisms and functions of synaptic
facilitation. Neuron 94:447-464.

Jarvis MF, Wismer CT, Schweitzer E, Yu H, van Biesen T, Lynch KJ, Burgard
EC, Kowaluk EA (2001) Modulation of BzZATP and formalin induced
nociception: attenuation by the P2X receptor antagonist, TNP-ATP and

J. Neurosci., September 8, 2021 - 41(36):7546—7560 « 7559

enhancement by the P2X(3) allosteric modulator, cibacron blue. Br J
Pharmacol 132:259-269.

Jayamanne A, Jeong HJ, Schroeder CI, Lewis R], Christie MJ, Vaughan CW
(2013) Spinal actions of w-conotoxins, CVID, MVIIA and related pep-
tides in a rat neuropathic pain model. Br ] Pharmacol 170:245-254.

Jiang YQ, Andrade A, Lipscombe D (2013) Spinal morphine but not zicono-
tide or gabapentin analgesia is affected by alternative splicing of voltage-
gated calcium channel CaV2.2 pre-mRNA. Mol Pain 9:67.

Jung J, Jo HW, Kwon H, Jeong NY (2014) ATP release through lysosomal
exocytosis from peripheral nerves: the effect of lysosomal exocytosis on
peripheral nerve degeneration and regeneration after nerve injury.
Biomed Res Int 2014:936891.

Kaczmarek-Hajek K, Zhang J, Kopp R, Grosche A, Rissieck B, Saul A,
Bruzzone S, Engel T, Jooss T, Krautloher A, Schuster S, Magnus T,
Stadelmann C, Sirko S, Koch-Nolte F, Eulenburg V, Nicke A (2018) Re-
evaluation of neuronal P2X7 expression using novel mouse models and a
P2X7-specific nanobody. Elife 7:€36217.

Kamp MA, Hinggi D, Steiger HJ, Schneider T (2012) Diversity of presynap-
tic calcium channels displaying different synaptic properties. Rev
Neurosci 23:179-190.

Kim C, Jun K, Lee T, Kim SS, McEnery MW, Chin H, Kim HL, Park JM,
Kim DK, Jung SJ, Kim J, Shin HS (2001) Altered nociceptive response in
mice deficient in the alpha(1B) subunit of the voltage-dependent calcium
channel. Mol Cell Neurosci 18:235-245.

Lee A, Zhou H, Scheuer T, Catterall WA (2003) Molecular determinants of
Ca(2+)/calmodulin-dependent regulation of Ca(v)2.1 channels. Proc
Natl Acad Sci U S A 100:16059-16064.

Lee S (2013) Pharmacological inhibition of voltage-gated Ca(2+) channels
for chronic pain relief. Curr Neuropharmacol 11:606-620.

Lee S, Jo S, Talbot S, Zhang HB, Kotoda M, Andrews NA, Puopolo M, Liu
PW, Jacquemont T, Pascal M, Heckman LM, Jain A, Lee ], Woolf CJ,
Bean BP (2019) Novel charged sodium and calcium channel inhibitor
active against neurogenic inflammation. Elife 8:e48118.

Li CL, Li KC, Wu D, Chen Y, Luo H, Zhao JR, Wang SS, Sun MM, Lu Y],
Zhong YQ, Hu XY, Hou R, Zhou BB, Bao L, Xiao HS, Zhang X (2016)
Somatosensory neuron types identified by high-coverage single-cell
RNA-sequencing and functional heterogeneity. Cell Res 26:967.

Lin King JV, Emrick JJ, Kelly MJS, Herzig V, King GF, Medzihradszky KF,
Julius D (2019) A cell-penetrating scorpion toxin enables mode-specific
modulation of TRPA1 and pain. Cell 178:1362-1374.e16.

Lipscombe D (2005) Neuronal proteins custom designed by alternative splic-
ing. Curr Opin Neurobiol 15:358-363.

Lipscombe D, Lopez Soto EJ (2019) Alternative splicing of neuronal genes:
new mechanisms and new therapies. Curr Opin Neurobiol 57:26-31.

Lipscombe D, Madison DV, Poenie M, Reuter H, Tsien RW, Tsien RY
(1988) Imaging of cytosolic Ca2+ transients arising from Ca2+ stores
and Ca2+ channels in sympathetic neurons. Neuron 1:355-365.

Lipscombe D, Kongsamut S, Tsien RW (1989) Alpha-adrenergic inhibition
of sympathetic neurotransmitter release mediated by modulation of N-
type calcium-channel gating. Nature 340:639-642.

Lipscombe D, Allen SE, Toro CP (2013) Control of neuronal voltage-gated
calcium ion channels from RNA to protein. Trends Neurosci 36:598-609.

Liu Y, Ma Q (2011) Generation of somatic sensory neuron diversity and
implications on sensory coding. Curr Opin Neurobiol 21:52-60.

Llano I, DiPolo R, Marty A (1994) Calcium-induced calcium release in cere-
bellar Purkinje cells. Neuron 12:663-673.

Lopez Soto EJ, Lipscombe D (2020) Cell-specific exon methylation and
CTCF binding in neurons regulate calcium ion channel splicing and
function. Elife 9:e54879.

Lopez Soto EJ, Gandal MJ, Gonatopoulos-Pournatzis T, Heller EA, Luo D,
Zheng S (2019) Mechanisms of neuronal alternative splicing and strat-
egies for therapeutic interventions. ] Neurosci 39:8193-8199.

Louis SM, Jamieson A, Russell NJ, Dockray GJ (1989) The role of substance
P and calcitonin gene-related peptide in neurogenic plasma extravasation
and vasodilatation in the rat. Neuroscience 32:581-586.

Macabuag N, Dolphin AC (2015) Alternative splicing in Ca(V)2.2 regulates
neuronal trafficking via adaptor protein complex-1 adaptor protein
motifs. ] Neurosci 35:14636-14652.

Maccarrone M, Barboni B, Paradisi A, Bernabo N, Gasperi V, Pistilli MG,
Fezza F, Lucidi P, Mattioli M (2005) Characterization of the endocanna-
binoid system in boar spermatozoa and implications for sperm capacita-
tion and acrosome reaction. J Cell Sci 118:4393-4404.


http://dx.doi.org/10.1016/s0896-6273(00)80338-4
https://www.ncbi.nlm.nih.gov/pubmed/9208866
http://dx.doi.org/10.1016/j.crmeth.2021.100004
http://dx.doi.org/10.1002/art.34675
https://www.ncbi.nlm.nih.gov/pubmed/22933159
http://dx.doi.org/10.1210/en.2009-0057
https://www.ncbi.nlm.nih.gov/pubmed/19608651
http://dx.doi.org/10.1016/S0304-3959(00)00381-X
http://dx.doi.org/10.3389/fncel.2020.623134
https://www.ncbi.nlm.nih.gov/pubmed/33519387
http://dx.doi.org/10.1186/s13041-019-0524-6
https://www.ncbi.nlm.nih.gov/pubmed/31775826
http://dx.doi.org/10.1016/j.neuron.2017.07.024
https://www.ncbi.nlm.nih.gov/pubmed/28817806
http://dx.doi.org/10.1016/0304-3959(96)03104-1
https://www.ncbi.nlm.nih.gov/pubmed/8895246
http://dx.doi.org/10.1016/s0006-8993(99)01236-6
https://www.ncbi.nlm.nih.gov/pubmed/10216180
http://dx.doi.org/10.1007/s13238-017-0395-5
https://www.ncbi.nlm.nih.gov/pubmed/28364279
http://dx.doi.org/10.1016/0304-3959(88)90026-7
https://www.ncbi.nlm.nih.gov/pubmed/3340425
http://dx.doi.org/10.1097/00001756-200108080-00027
https://www.ncbi.nlm.nih.gov/pubmed/11496122
http://dx.doi.org/10.1046/j.1460-9568.2003.03083.x
https://www.ncbi.nlm.nih.gov/pubmed/14750968
http://dx.doi.org/10.1016/j.neuron.2020.05.032
https://www.ncbi.nlm.nih.gov/pubmed/32616470
http://dx.doi.org/10.1016/0896-6273(91)90281-4
https://www.ncbi.nlm.nih.gov/pubmed/1742025
http://dx.doi.org/10.1016/S0304-3959(01)00290-1
https://www.ncbi.nlm.nih.gov/pubmed/11406336
http://dx.doi.org/10.1371/journal.pone.0050805
http://dx.doi.org/10.1016/s0896-6273(00)80287-1
https://www.ncbi.nlm.nih.gov/pubmed/8755485
http://dx.doi.org/10.1016/j.neuron.2017.02.047
https://www.ncbi.nlm.nih.gov/pubmed/28472650
http://dx.doi.org/10.1038/sj.bjp.0703793
http://dx.doi.org/10.1111/bph.12251
https://www.ncbi.nlm.nih.gov/pubmed/23713957
http://dx.doi.org/10.1186/1744-8069-9-67
https://www.ncbi.nlm.nih.gov/pubmed/24369063
http://dx.doi.org/10.1155/2014/936891
https://www.ncbi.nlm.nih.gov/pubmed/25101301
http://dx.doi.org/10.7554/eLife.36217
http://dx.doi.org/10.1515/revneuro-2011-0070
https://www.ncbi.nlm.nih.gov/pubmed/22499676
http://dx.doi.org/10.1006/mcne.2001.1013
https://www.ncbi.nlm.nih.gov/pubmed/11520183
http://dx.doi.org/10.1073/pnas.2237000100
https://www.ncbi.nlm.nih.gov/pubmed/14673106
http://dx.doi.org/10.2174/1570159X11311060005
https://www.ncbi.nlm.nih.gov/pubmed/24396337
http://dx.doi.org/10.7554/eLife.48118
http://dx.doi.org/10.1038/cr.2016.90
https://www.ncbi.nlm.nih.gov/pubmed/27481604
http://dx.doi.org/10.1016/j.cell.2019.07.014
https://www.ncbi.nlm.nih.gov/pubmed/31447178
http://dx.doi.org/10.1016/j.conb.2005.04.002
https://www.ncbi.nlm.nih.gov/pubmed/15961039
http://dx.doi.org/10.1016/j.conb.2018.12.013
https://www.ncbi.nlm.nih.gov/pubmed/30703685
http://dx.doi.org/10.1016/0896-6273(88)90185-7
https://www.ncbi.nlm.nih.gov/pubmed/2856095
http://dx.doi.org/10.1038/340639a0
https://www.ncbi.nlm.nih.gov/pubmed/2570354
http://dx.doi.org/10.1016/j.tins.2013.06.008
https://www.ncbi.nlm.nih.gov/pubmed/23907011
http://dx.doi.org/10.1016/j.conb.2010.09.003
https://www.ncbi.nlm.nih.gov/pubmed/20888752
http://dx.doi.org/10.1016/0896-6273(94)90221-6
https://www.ncbi.nlm.nih.gov/pubmed/7512352
http://dx.doi.org/10.7554/eLife.54879
http://dx.doi.org/10.1523/JNEUROSCI.1149-19.2019
https://www.ncbi.nlm.nih.gov/pubmed/31619487
http://dx.doi.org/10.1016/0306-4522(89)90281-9
https://www.ncbi.nlm.nih.gov/pubmed/2481241
http://dx.doi.org/10.1523/JNEUROSCI.3034-15.2015
https://www.ncbi.nlm.nih.gov/pubmed/26511252
http://dx.doi.org/10.1242/jcs.02536
https://www.ncbi.nlm.nih.gov/pubmed/16144868

7560 - J. Neurosci., September 8, 2021 - 41(36):7546-7560

Madisen L, Zwingman TA, Sunkin SM, Oh SW, Zariwala HA, Gu H, Ng LL,
Palmiter RD, Hawrylycz MJ, Jones AR, Lein ES, Zeng H (2010) A robust
and high-throughput Cre reporting and characterization system for the
whole mouse brain. Nat Neurosci 13:133-140.

Madisen L, Mao T, Koch H, Zhuo J-M, Berenyi A, Fujisawa S, Hsu Y-WA,
Garcia AJ, Gu X, Zanella S, Kidney J, Gu H, Mao Y, Hooks BM, Boyden
ES, Buzsdki G, Ramirez JM, Jones AR, Svoboda K, Han X, et al. (2012) A
toolbox of Cre-dependent optogenetic transgenic mice for light-induced
activation and silencing. Nat Neurosci 15:793-802.

Manabe T, Wyllie DJ, Perkel DJ, Nicoll RA (1993) Modulation of synaptic
transmission and long-term potentiation: effects on paired pulse facilita-
tion and EPSC variance in the CAl region of the hippocampus. |
Neurophysiol 70:1451-1459.

Marangoudakis S, Andrade A, Helton TD, Denome S, Castiglioni AJ,
Lipscombe D (2012) Differential ubiquitination and proteasome regula-
tion of Ca(V)2.2 N-type channel splice isoforms. ] Neurosci 32:10365-
10369.

Matthews EA, Dickenson AH (2001) Effects of spinally delivered N- and P-
type voltage-dependent calcium channel antagonists on dorsal horn neu-
ronal responses in a rat model of neuropathy. Pain 92:235-246.

McGaraughty S, Chu KL, Namovic MT, Donnelly-Roberts DL, Harris RR,
Zhang XF, Shieh CC, Wismer CT, Zhu CZ, Gauvin DM, Fabiyi AC,
Honore P, Gregg RJ, Kort ME, Nelson DW, Carroll WA, Marsh K,
Faltynek CR, Jarvis MF (2007) P2X7-related modulation of pathological
nociception in rats. Neuroscience 146:1817-1828.

McGivern JG (2007) Ziconotide: a review of its pharmacology and use in the
treatment of pain. Neuropsychiatr Dis Treat 3:69-85.

McGivern JG, McDonough SI (2004) Voltage-gated calcium channels as tar-
gets for the treatment of chronic pain. Curr Drug Targets CNS Neurol
Disord 3:457-478.

Meng J, Wang J, Lawrence G, Dolly JO (2007) Synaptobrevin I mediates exo-
cytosis of CGRP from sensory neurons and inhibition by botulinum tox-
ins reflects their anti-nociceptive potential. ] Cell Sci 120:2864-2874.

Miljanich GP (2004) Ziconotide: neuronal calcium channel blocker for treat-
ing severe chronic pain. Curr Med Chem 11:3029-3040.

Miljanich GP, Ramachandran ] (1995) Antagonists of neuronal calcium
channels: structure, function, and therapeutic implications. Annu Rev
Pharmacol Toxicol 35:707-734.

Mizrak SC, van Dissel-Emiliani FM (2008) Transient receptor potential
vanilloid receptor-1 confers heat resistance to male germ cells. Fertil
Steril 90:1290-1293.

Motin L, Adams DJ (2008) omega-Conotoxin inhibition of excitatory synap-
tic transmission evoked by dorsal root stimulation in rat superficial dorsal
horn. Neuropharmacology 55:860-864.

Nanou E, Catterall WA (2018) Calcium channels, synaptic plasticity, and
neuropsychiatric disease. Neuron 98:466-481.

North RA (2016) P2X receptors. Philos Trans R Soc Lond B Biol Sci
371:20150427.

Pankratov Y, Lalo U, Verkhratsky A, North RA (2006) Vesicular release of
ATP at central synapses. Pflugers Arch 452:589-597.

Patel R, Rutten K, Valdor M, Schiene K, Wigge S, Schunk S, Damann N,
Christoph T, Dickenson AH (2015) Electrophysiological characterization
of activation state-dependent Ca(v)2 channel antagonist TROX-1 in spi-
nal nerve injured rats. Neuroscience 297:47-57.

Patel R, Montagut-Bordas C, Dickenson AH (2018) Calcium channel modu-
lation as a target in chronic pain control. Br ] Pharmacol 175:2173-2184.

Raingo J, Castiglioni AJ, Lipscombe D (2007) Alternative splicing controls G
protein-dependent inhibition of N-type calcium channels in nociceptors.
Nat Neurosci 10:285-292.

Ren Y, Zou X, Fang L, Lin Q (2005) Sympathetic modulation of activity in
Adelta- and C-primary nociceptive afferents after intradermal injection
of capsaicin in rats. ] Neurophysiol 93:365-377.

Renthal W, Tochitsky I, Yang L, Cheng YC, Li E, Kawaguchi R, Geschwind
DH, Woolf CJ (2020) Transcriptional reprogramming of distinct

DuBreuil, Lopez Soto et al. @ Peripheral Cay2.2 Channels Control Heat Hypersensitivity

peripheral sensory neuron subtypes after axonal injury. Neuron 108:128-
144.e9.

Saegusa H, Kurihara T, Zong S, Kazuno A, Matsuda Y, Nonaka T, Han W,
Toriyama H, Tanabe T (2001) Suppression of inflammatory and neuro-
pathic pain symptoms in mice lacking the N-type Ca2+ channel. EMBO
] 20:2349-2356.

Scheuber A, Miles R, Poncer JC (2004) Presynaptic Cav2.1 and Cav2.2 differ-
entially influence release dynamics at hippocampal excitatory synapses. J
Neurosci 24:10402-10409.

Scholz J, Woolf CJ (2002) Can we conquer pain? Nat Neurosci 5 Suppl:1062-
1067.

Sher E, Rosa P, Francolini M, Codignola A, Morlacchi E, Taverna E,
Giovannini F, Brioschi A, Clementi F, McEnery MW, Passafaro M (1998)
Metabolism and trafficking of N-type voltage-operated calcium channels
in neurosecretory cells. ] Bioenerg Biomembr 30:399-407.

Shiers S, Klein RM, Price TJ (2020) Quantitative differences in neuronal sub-
populations between mouse and human dorsal root ganglia demon-
strated with RN Ascope in situ hybridization. Pain 161:2410-2424.

Sluka KA (1997) Blockade of calcium channels can prevent the onset of sec-
ondary hyperalgesia and allodynia induced by intradermal injection of
capsaicin in rats. Pain 71:157-164.

Sweitzer SM, Peters MC, Ma JY, Kerr I, Mangadu R, Chakravarty S, Dugar S,
Medicherla S, Protter AA, Yeomans DC (2004) Peripheral and central
P38 MAPK mediates capsaicin-induced hyperalgesia. Pain 111:278-285.

Teixeira JM, Oliveira MC, Parada CA, Tambeli CH (2010) Peripheral mecha-
nisms underlying the essential role of P2X7 receptors in the development
of inflammatory hyperalgesia. Eur ] Pharmacol 644:55-60.

Teixeira JM, de Oliveira-Fusaro MC, Parada CA, Tambeli CH (2014)
Peripheral P2X7 receptor-induced mechanical hyperalgesia is mediated
by bradykinin. Neuroscience 277:163-173.

Usoskin D, Furlan A, Islam S, Abdo H, Lonnerberg P, Lou D, Hjerling-
Leffler J, Haeggstrom J, Kharchenko O, Kharchenko PV, Linnarsson S,
Ernfors P (2015) Unbiased classification of sensory neuron types by
large-scale single-cell RNA sequencing. Nat Neurosci 18:145-153.

Wang YX, Pettus M, Gao D, Phillips C, Scott Bowersox S (2000) Effects of in-
trathecal administration of ziconotide, a selective neuronal N-type cal-
cium channel blocker, on mechanical allodynia and heat hyperalgesia in
a rat model of postoperative pain. Pain 84:151-158.

Waterman SA (1997) Role of N-, P- and Q-type voltage-gated calcium chan-
nels in transmitter release from sympathetic neurones in the mouse iso-
lated vas deferens. Br ] Pharmacol 120:393-398.

White DM, Cousins MJ (1998) Effect of subcutaneous administration of cal-
cium channel blockers on nerve injury-induced hyperalgesia. Brain Res
801:50-58.

Williams JA, Day M, Heavner JE (2008) Ziconotide: an update and review.
Expert Opin Pharmacother 9:1575-1583.

Woolf CJ, Ma Q (2007) Nociceptors—noxious stimulus detectors. Neuron
55:353-364.

Yamamoto T, Sakashita Y (1998) Differential effects of intrathecally adminis-
tered N- and P-type voltage-sensitive calcium channel blockers upon two
models of experimental mononeuropathy in the rat. Brain Res 794:329-
332.

Yekkirala AS, Roberson DP, Bean BP, Woolf CJ (2017) Breaking barriers to
novel analgesic drug development. Nat Rev Drug Discov 16:810.

Zamponi GW, Striessnig ], Koschak A, Dolphin AC (2015) The physiology,
pathology, and pharmacology of voltage-gated calcium channels and
their future therapeutic potential. Pharmacol Rev 67:821-870.

Zeilhofer HU, Benke D, Yevenes GE (2012) Chronic pain states: pharmaco-
logical strategies to restore diminished inhibitory spinal pain control.
Annu Rev Pharmacol Toxicol 52:111-133.

Zheng Y, Liu P, Bai L, Trimmer JS, Bean BP, Ginty DD (2019) Deep sequenc-
ing of somatosensory neurons reveals molecular determinants of intrinsic
physiological properties. Neuron 103:598-616.€7.

Zucker RS, Regehr WG (2002) Short-term synaptic plasticity. Annu Rev
Physiol 64:355-405.


http://dx.doi.org/10.1038/nn.2467
https://www.ncbi.nlm.nih.gov/pubmed/20023653
http://dx.doi.org/10.1038/nn.3078
https://www.ncbi.nlm.nih.gov/pubmed/22446880
http://dx.doi.org/10.1152/jn.1993.70.4.1451
https://www.ncbi.nlm.nih.gov/pubmed/7904300
http://dx.doi.org/10.1523/JNEUROSCI.0851-11.2012
https://www.ncbi.nlm.nih.gov/pubmed/22836269
http://dx.doi.org/10.1016/S0304-3959(01)00255-X
http://dx.doi.org/10.1016/j.neuroscience.2007.03.035
https://www.ncbi.nlm.nih.gov/pubmed/17478048
http://dx.doi.org/10.2147/nedt.2007.3.1.69
https://www.ncbi.nlm.nih.gov/pubmed/19300539
http://dx.doi.org/10.2174/1568007043336743
https://www.ncbi.nlm.nih.gov/pubmed/15578964
http://dx.doi.org/10.1242/jcs.012211
https://www.ncbi.nlm.nih.gov/pubmed/17666428
http://dx.doi.org/10.2174/0929867043363884
https://www.ncbi.nlm.nih.gov/pubmed/15578997
http://dx.doi.org/10.1146/annurev.pa.35.040195.003423
https://www.ncbi.nlm.nih.gov/pubmed/7598513
http://dx.doi.org/10.1016/j.fertnstert.2007.10.081
https://www.ncbi.nlm.nih.gov/pubmed/18222434
http://dx.doi.org/10.1016/j.neuropharm.2008.06.049
https://www.ncbi.nlm.nih.gov/pubmed/18644398
http://dx.doi.org/10.1016/j.neuron.2018.03.017
https://www.ncbi.nlm.nih.gov/pubmed/29723500
http://dx.doi.org/10.1098/rstb.2015.0427
http://dx.doi.org/10.1007/s00424-006-0061-x
https://www.ncbi.nlm.nih.gov/pubmed/16639550
http://dx.doi.org/10.1016/j.neuroscience.2015.03.057
https://www.ncbi.nlm.nih.gov/pubmed/25839150
http://dx.doi.org/10.1111/bph.13789
https://www.ncbi.nlm.nih.gov/pubmed/28320042
http://dx.doi.org/10.1038/nn1848
https://www.ncbi.nlm.nih.gov/pubmed/17293861
http://dx.doi.org/10.1152/jn.00804.2004
https://www.ncbi.nlm.nih.gov/pubmed/15371497
http://dx.doi.org/10.1016/j.neuron.2020.07.026
https://www.ncbi.nlm.nih.gov/pubmed/32810432
http://dx.doi.org/10.1093/emboj/20.10.2349
https://www.ncbi.nlm.nih.gov/pubmed/11350923
http://dx.doi.org/10.1523/JNEUROSCI.1664-04.2004
https://www.ncbi.nlm.nih.gov/pubmed/15548655
http://dx.doi.org/10.1038/nn942
https://www.ncbi.nlm.nih.gov/pubmed/12403987
http://dx.doi.org/10.1023/A:1021945907635
https://www.ncbi.nlm.nih.gov/pubmed/9758335
http://dx.doi.org/10.1097/j.pain.0000000000001973
https://www.ncbi.nlm.nih.gov/pubmed/32639368
http://dx.doi.org/10.1016/s0304-3959(97)03354-x
https://www.ncbi.nlm.nih.gov/pubmed/9211477
http://dx.doi.org/10.1016/j.pain.2004.07.007
https://www.ncbi.nlm.nih.gov/pubmed/15363871
http://dx.doi.org/10.1016/j.ejphar.2010.06.061
https://www.ncbi.nlm.nih.gov/pubmed/20621090
http://dx.doi.org/10.1016/j.neuroscience.2014.06.057
https://www.ncbi.nlm.nih.gov/pubmed/24997266
http://dx.doi.org/10.1038/nn.3881
https://www.ncbi.nlm.nih.gov/pubmed/25420068
http://dx.doi.org/10.1038/sj.bjp.0700948
https://www.ncbi.nlm.nih.gov/pubmed/9031741
http://dx.doi.org/10.1016/s0006-8993(98)00539-3
https://www.ncbi.nlm.nih.gov/pubmed/9729273
http://dx.doi.org/10.1517/14656566.9.9.1575
https://www.ncbi.nlm.nih.gov/pubmed/18518786
http://dx.doi.org/10.1016/j.neuron.2007.07.016
https://www.ncbi.nlm.nih.gov/pubmed/17678850
http://dx.doi.org/10.1016/s0006-8993(98)00306-0
https://www.ncbi.nlm.nih.gov/pubmed/9622667
http://dx.doi.org/10.1038/nrd.2017.202
https://www.ncbi.nlm.nih.gov/pubmed/28983099
http://dx.doi.org/10.1124/pr.114.009654
https://www.ncbi.nlm.nih.gov/pubmed/26362469
http://dx.doi.org/10.1146/annurev-pharmtox-010611-134636
https://www.ncbi.nlm.nih.gov/pubmed/21854227
http://dx.doi.org/10.1016/j.neuron.2019.05.039
https://www.ncbi.nlm.nih.gov/pubmed/31248728
http://dx.doi.org/10.1146/annurev.physiol.64.092501.114547
https://www.ncbi.nlm.nih.gov/pubmed/11826273

	Heat But Not Mechanical Hypersensitivity Depends on Voltage-Gated CaV2.2 Calcium Channel Activity in Peripheral Axon Terminals Innervating Skin
	Introduction
	Materials and Methods
	Results
	Discussion


