
Targeted ubiquitination of sensory neuron calcium channels
reduces the development of neuropathic pain
Linlin Suna,1,2 , Chi-Kun Tongb,1 , Travis J. Morgensternc,1 , Hang Zhoua , Guang Yanga,3 , and Henry M. Colecraftb,c,3

Edited by Richard Aldrich, The University of Texas at Austin, Austin, TX; received October 1, 2021; accepted April 1, 2022

Neuropathic pain caused by lesions to somatosensory neurons due to injury or disease
is a widespread public health problem that is inadequately managed by small-molecule
therapeutics due to incomplete pain relief and devastating side effects. Genetically
encoded molecules capable of interrupting nociception have the potential to confer
long-lasting analgesia with minimal off-target effects. Here, we utilize a targeted ubiqui-
tination approach to achieve a unique posttranslational functional knockdown of high-
voltage-activated calcium channels (HVACCs) that are obligatory for neurotransmission
in dorsal root ganglion (DRG) neurons. CaV-aβlator comprises a nanobody targeted to
CaV channel cytosolic auxiliary β subunits fused to the catalytic HECT domain of the
Nedd4-2 E3 ubiquitin ligase. Subcutaneous injection of adeno-associated virus serotype
9 encoding CaV-aβlator in the hind paw of mice resulted in the expression of the pro-
tein in a subset of DRG neurons that displayed a concomitant ablation of CaV currents
and also led to an increase in the frequency of spontaneous inhibitory postsynaptic cur-
rents in the dorsal horn of the spinal cord. Mice subjected to spare nerve injury dis-
played a characteristic long-lasting mechanical, thermal, and cold hyperalgesia
underlain by a dramatic increase in coordinated phasic firing of DRG neurons as
reported by in vivo Ca2+ spike recordings. CaV-aβlator significantly dampened the inte-
grated Ca2+ spike activity and the hyperalgesia in response to nerve injury. The results
advance the principle of targeting HVACCs as a gene therapy for neuropathic pain and
demonstrate the therapeutic potential of posttranslational functional knockdown of ion
channels achieved by exploiting the ubiquitin-proteasome system.
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Neuropathic pain is a debilitating ailment caused by lesions in the somatosensory sys-
tem that can arise from diverse conditions including nerve injuries, diabetes, thoracic
surgery, cancer, and chemotherapy-induced neuropathy. The condition is widely preva-
lent, affecting ∼10% of the general population and is the most difficult type of chronic
pain to treat (1, 2). First-line treatments for neuropathic pain commonly include gaba-
pentinoids (gabapentin or pregabalin) or antidepressants, with opioid agonists such as
tramadol frequently prescribed as second-line treatments (3–5). Unfortunately, up to
40% of patients remain refractory to these treatments, and serious side effects of these
medications further limit their clinical utility. For example, gabapentin only reduces
chronic neuropathic pain by at least 50% in fewer than 20% of patients (6), and prega-
balin is not effective in controlling chronic pain after traumatic nerve injury (7).
Adverse side effects of gabapentinoids due to central actions include sedation, dizziness,
drowsiness, fatigue, and blurred vision (8, 9). Opiate agonists also have well-recognized
limitations—dose-limiting adverse effects, inadequate pain relief, requirement for mul-
tiple daily dosing, liver/kidney toxicity, high potential for abuse and addiction, and risk
of overdose—that largely reduce their efficacy for treating neuropathic pain (10). Over-
all, neuropathic pain is a significant public health problem lacking adequate therapeutic
options. As such, there is a salient need to develop treatment modalities that provide
strong, long-lasting, and nonaddictive pain relief, with few side effects.
Gene therapy has emerged as an attractive alternative approach to treat chronic pain,

with the notion that sustained but locally restricted expression of a therapeutic trans-
gene can potentially enable long-lasting alleviation of nociception after a single dose,
with minimal side effects (11, 12). A critical decision is the choice of the gene or pro-
tein to be targeted and its role in the pain processing pathway. High-voltage-activated
calcium channels (HVACCs) are attractive potential targets for a gene therapy
approach because 1) presynaptic CaV2 channels in nociceptive somatosensory neurons
mediate the central release of a neurotransmitter in the dorsal horn of the spinal cord,
which is an obligatory step in nociception, and 2) several analgesics including gabapen-
tinoids (13, 14), ziconotide (15), and opiate agonists acting on μ-opioid receptors to
release Gβγ subunits (16) inhibit CaV2 channels as a mechanism for alleviating pain.
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Thus, we hypothesized that targeted down-regulation of
HVACCs in somatosensory neurons in vivo would be effica-
cious as a long-lasting treatment for neuropathic pain. Previous
studies seeking to downregulate the expression of proteins
involved in nociception have used RNA interference or anti-
sense approaches (17, 18). More recently, epigenetic suppres-
sion of Nav1.7 in mice was achieved using catalytically dead
CRISPR-Cas9 and zinc finger protein approaches, respectively,
to achieve analgesia in rodent models (19). By comparison with
these methods, posttranslational knockdown of relevant pro-
teins offers an alternative approach with potential advantages
that include quicker onset of pain relief, easier titration of
effects, and fewer obstacles to clinical development.
We recently developed a genetically encoded potent HVACC

blocker comprised of an auxiliary CaVβ-subunit-targeted nano-
body (nb.F3) fused to the catalytic HECT domain of the E3
ubiquitin ligase Nedd4L (neural precursor cell expressed develop-
mentally downregulated gene 4-like) (20). Here, we investigated
whether the expression of nb.F3-Nedd4LHECT (also known as
CaV-aβlator) in sensory neurons in mice is able to inhibit CaV
channels in vivo and result in the alleviation of experimentally
induced nocifensive responses. We show that CaV-aβlator can be
targeted to sensory neurons via hind paw injection of adeno-
associated virus serotype 9 (AAV9) in vivo. The expressed CaV-
aβlator posttranslationally inhibits HVACCs in DRG neurons,
results in increased spontaneous inhibitory postsynaptic currents
(sIPSCs) in the spinal cord dorsal horn, and reduces the develop-
ment of nocifensive responses following nerve injury with no
apparent adverse effects. The results not only provide a paradigm
of genetically encoded calcium channel blocker development and
use for pre-emptive analgesia but also demonstrate the efficacy of
harnessing a ubiquitin-dependent posttranslational knockdown
approach to achieve treatment of chronic pain.

Results

AAV9-Mediated In Vivo Expression of CaV-aβlator in Sensory
Neurons Inhibits HVACCs. Chronic neuropathic pain is initi-
ated by lesions to pseudounipolar somatosensory primary affer-
ent neurons that have cell bodies in dorsal root ganglion
(DRG) and two axonal branches that innervate peripheral tis-
sues/organs and terminate centrally in the spinal cord, respec-
tively (Fig. 1) (21, 22). In neuropathic pain, injured nerves and
nonneuronal cells such as glia and mast cells release factors
(e.g., substance P, CGRP, bradykinin) that cause uninjured
nearby neurons to undergo neurophysiological and neurochem-
ical changes that increase their intrinsic excitability and expres-
sion of pain-associated molecules (23). Signal integration occurs
in the spinal cord and involves complex circuits and cell types
including numerous excitatory (glutamatergic) and inhibitory
(GABAergic and glycinergic) interneurons and descending
inhibitory inputs (24, 25). Projection neurons relay signals
from the spinal cord to various regions of the brain that medi-
ate the perception of the sensory-discriminative and affective-
motivational dimensions of pain (21). Previous gene therapy
approaches have included the knockdown of NaV1.7 (using
either antisense or CRISPR dCas9-mediated epigenetic knock-
down), small interfering RNA (siRNA)-mediated knockdown
of postsynaptic NMDA receptors, overexpression of glutamate
decarboxylase to catalyze production of GABA, and overexpres-
sion of preproenkephalin to act on μ-opioid receptors to inhibit
presynaptic CaV channels (and activate GIRK channels) via
released Gβγ subunits (Fig. 1). A gene therapy approach that
directly inhibits or eliminates HVACCs in nociceptive neurons

would be expected to be particularly effective for neuropathic
pain given the obligatory role of principally CaV2 channels in
synaptic transmission. However, this has not been previously
achieved. Moreover, a posttranslational mechanism of channel
inhibition could have advantages over RNA interference or epi-
genetic approaches related to a quicker onset of pain relief, eas-
ier capacity to titrate effects, and fewer obstacles to clinical
development. Nevertheless, such posttranslational knockdown
of proteins for gene therapy of nociception has not been previ-
ously demonstrated.

We previously reported a genetically encoded molecule com-
prised of a CaVβ-targeted nanobody (nb.F3 that binds all four
CaVβ subunits, namely, β1 to β4) fused to the catalytic HECT
domain of the E3 ubiquitin ligase Nedd4L. This molecule,
termed CaV-aβlator, potently eliminates all types of HVACC
currents (ICa) by promoting the internalization of CaV1/CaV2
channels (20). Given the indispensable role of HVACCs in
conveying pain signals from the periphery to the brain, we
sought to test whether CaV-aβlator expressed in sensory neu-
rons in vivo would effectively inhibit ICa and yield a therapeutic
benefit in an animal model of neuropathic pain.

We incorporated CaV-aβlator into an AAV9 and first
injected it subcutaneously into the hind paw of newborn (3 to
5 d old) Thy1-GCaMP6s mice that express the genetically
encoded Ca2+ indicator GCaMP6s in excitatory neurons (Fig.
2 A and B). We used tdTomato as a fluorescent marker of
CaV-aβlator expression using a P2A construct in which both
proteins are separately expressed from a single mRNA. Four
weeks after AAV9 injection, we acutely isolated and cultured
DRG neurons and imaged the cells for tdTomato and
GCaMP6s fluorescence by confocal microscopy. We found that
many, but not all, GCaMP6s-positive cells also expressed
robust tdTomato fluorescence, confirming that subcutaneous
injection of AAV9 successfully infects a population of DRG
neurons (Fig. 2B). We used whole-cell patch clamp to examine
the impact of CaV-aβlator on ICa in DRG neurons, using 5 μM
mibefradil in the bath to suppress T-type calcium channels.
tdTomato-negative cells yielded large whole-cell Ca2+ currents
that were completely eliminated in neurons expressing CaV-
aβlator (tdTomato-positive cells) (Fig. 2C).

We next examined whether AAV9-mediated delivery of CaV-
aβlator in adult mice could also yield significant infection of sen-
sory neurons in vivo. We subcutaneously injected 7.2 × 1011 vg
of AAV9 encoding pFB-CMV-tdTomato-P2A-F3-Nedd4L (CaV-
aβlator) into the left hind paw of 6- to 8-wk-old C57BL mice
(Fig. 2D). Four to 6 weeks following AAV injection, the mice
were euthanized and their sciatic nerves, lumbar dorsal roots,
DRGs, and ventral skin of the injected paw were collected, fixed,
cryosectioned, and imaged using confocal microscopy. In control
experiments with uninjected wild-type mice, we observed signifi-
cant autofluorescence of the cryo-sectioned tissue in the red chan-
nel that would complicate our ability to observe tdTomato
fluorescence in injected mice due to signal overlap. Many micro-
structures, including blood vessels and cell organelles, such as
mitochondria, lysosome, and lipofuscin, are known to display
autofluorescence by confocal microscopy (26–29). To distinguish
true tdTomato fluorescence from autofluorescence, we exploited
the fact that autofluorescence emitted by the organelles can be
seen in both red and green channels, thus enabling the green auto-
fluorescence to be used for a “background” subtraction of red
fluorescence signals. Using this approach, we observed bright
tdTomato fluorescence in some DRG neurons, sciatic nerves, and
dorsal roots from AAV9-injected injected mice (Fig. 2E and SI
Appendix, Fig. S1), while no expression was observed in the skin
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tissues of the injected hind paw. Thus, CaV-aβlator was success-
fully expressed in a subpopulation of primary afferent fibers and
DRG neurons when delivered to adult mice by subcutaneous
AAV9 injection in the hind paw. The level of CaV-aβlator expres-
sion observed in tissue sections from adult mice appeared relatively
modest compared to that seen following injection in newborn
mice. Nevertheless, similar to what we observed in young mice,
DRG neurons isolated from injected adult mice and expressing
CaV-aβlator (as indicated by tdTomato fluorescence) displayed
markedly smaller whole-cell ICa (ICa,max = �9.1 ± 3.2 pA/pF,
n = 10 from n = 2 mice) than tdTomato-negative neurons iso-
lated from the same animals (ICa,max = �77.7 ± 17.8 pA/pF,
n = 19) (Fig. 2F). To ensure that tdTomato expression itself did
not downregulate calcium channels, we also tested the functional
impact of a control AAV9 encoding tdTomato alone. Four weeks
following injection of 20 μL control tdTomato AAV9 in a 10-
wk-old mouse, a whole-cell patch clamp of isolated cultured
DRG neurons showed that both tdTomato-positive and
tdTomato-negative neurons displayed similar HVACC currents
(ICa,max = �73.4 ± 21.9 pA/pF, n = 5, for tdTomato-positive
neurons, and ICa,max = �75.6 ± 25.2 pA/pF, n = 6) (SI
Appendix, Fig. S2).

CaV-aβlator Expression in DRG Neurons Increases the
Frequency of sIPSCs in Dorsal Horn Neurons in the Spinal
Cord. We wondered whether the level of expression of CaV-
aβlator in sensory neurons achieved following hind paw injec-
tion of AAV9 was sufficient to induce a measurable change in
the electrophysiological signature of dorsal horn neurons in the
spinal cord. Accordingly, we compared synaptic activity in the
dorsal horn of the CaV-aβlator-injected side with control side
using whole-cell patch clamp recording in the superficial dorsal
horn lamina I and II, which is an area that predominantly

receives input from small unmyelinated and lightly myelinated
primary afferents and is critical for nociception (25).

Wild-type 6- to 8-wk-old C57BL mice were injected with CaV-
aβlator AAV9 into the left hind paws. Spinal cord slices were col-
lected 4 to 5 weeks following the injection for electrophysiology
recordings. We did not observe any significant difference in either
the amplitude of spontaneous excitatory postsynaptic current
(sEPSC) (median = 14.8 pA, range = 12.8 to 23.0 pA, n = 18;
and median = 14.3 pA, range = 12.8 to 16.0 pA, n = 13, for
contralateral control and CaV-aβlator-injected sides, respectively)
or their frequency (median = 20.0 min�1, range = 4.4 to
30.3 min�1, n = 18; and median = 21 min�1, range = 9.3 to
48.8 min�1, n = 13, for contralateral control and CaV-aβlator-
injected sides, respectively) (Fig. 3 A–D).

We next examined a potential impact of CaV-aβlator expression
on sIPSCs. We observed no significant difference in sIPSC ampli-
tude between the CaV-aβlator-injected side and the contralateral
control (median = 16.1 pA, range = 11.2 to 20.0 pA, n = 21
for control; and median = 16.0 pA, range = 12.8 to 18.6 pA,
n = 18 for CaV-aβlator-injected sides) (Fig. 3 E–H). By contrast,
we found that the frequency of sIPSCs was significantly higher in
the dorsal horn of the high CaV-aβlator-injected side than that of
the contralateral control group (median = 28 min�1, range =
13.5 to 53.5 min�1, n = 18 for CaV-aβlator-injected side; and
median = 11.5 min�1, range = 2.8 to 26.3 min�1, n = 21 for
contralateral control, P = 0.031 unpaired t test) (Fig. 3H). Alto-
gether, these data indicate that the level of CaV-aβlator expression
in sensory neurons after hind paw injection of AAV9 is sufficient
to result in a measurable electrophysiological change in the spinal
cord, i.e., an apparent increase in the inhibitory input onto dorsal
horn neurons.

It is known that GABA and glycine corelease from inhibitory
interneurons to activate GABA and glycine receptors, respectively,
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Fig. 1. Distinct paradigms and targets for neuropathic pain gene therapy. The circuitry for neuropathic pain involves signals from primary somatosensory
neurons that synapse on secondary neurons in the spinal cord dorsal horn. Relay neurons convey signals to various parts of the brain for nociception. Key
signaling molecules and proteins involved in the relaying of nociceptive signals are candidate targets for neuropathic pain gene therapy. Previously
described knockdown approaches include CRISPR-dCas9-mediated epigenetic knockdown of Nav1.7 and down-regulation of NMDA receptors with siRNA.
Overexpression of glutamate decarboxylase has been used to produce the inhibitory neurotransmitter GABA; enkephalin overexpression suppresses neuro-
transmission by activating the μ-opioid receptor to release Gβγ subunits that inhibit presynaptic CaV2.2 channels. Ca2+ influx through CaV2 channels is neces-
sary for neurotransmitter release, and inhibiting these channels is therapeutic for chronic pain. Here, we use a targeted ubiquitination strategy to achieve
direct posttranslational functional knockdown of CaV2 channels in DRG neurons using CaV-aβlator, a genetically encoded molecule featuring a CaVβ-targeted
nanobody fused to the catalytic HECT domain of Nedd4 E3 ligase. μOR, μ-opioid receptors.
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of individual neurons within the superficial dorsal horn. How-
ever, the ratio of GABAergic and glycinergic input to a specific
neuron can be changed, for example, by inflammation that
triggers a switch from glycine to GABA-receptor-dominant
neurons (30). To distinguish whether the enhanced inhibitory
input onto the dorsal horn neurons was specifically due to
either increased GABAergic or glycinergic activity, we analyzed
the decay time constant (τdecay) of the sIPSCs. GABA recep-
tors have a higher τdecay than glycine receptors. Accordingly,
the amplitude of τdecay of the sIPSCs of a specific neuron is a
good indicator of the type of synapse the neurons receive (31).
Following AAV9-CaV-aβlator injection, we found no change
in the sIPSC τdecay amplitude between contralateral control
and CaV-aβlator-treated sides (median = 8 ms, range 4.3 to
13.5 ms, n = 19 for control; and median = 8.2 ms, range =
7.1 to 16.4 ms, n = 13 for CaV-aβlator-injected side, P =
0.65) (SI Appendix, Fig. S3), suggesting that the increased
inhibition onto dorsal horn neurons is not restricted to either
GABAergic or glycinergic inputs.

CaV-aβlator Expression In Vivo Reduces the Nerve-Injury-
Mediated Increase in DRG Neuron Excitability and
Development of Nocifensive Responses. We recently devel-
oped an approach that enables long-term imaging of Ca2+ sig-
nals in DRG neurons in awake behaving mice (32). Using this
approach, we demonstrated that formalin-induced inflamma-
tory pain is correlated with increased phasic and persistent
hyperactivity of nociceptive DRG neurons in vivo. We sought
to determine whether CaV-aβlator administered by AAV9 injec-
tion in the hind paw could suppress the anticipated DRG neu-
ron hyperactivity in a nerve injury model of chronic pain.
Here, we injected adult Thy1-GCaMP6s mice subcutaneously
in the left hind paw with AAV9-encoding tdTomato-P2A-CaV-
aβlator under the CMV promoter (Fig. 4A). The vehicle
control mice were injected with AAV9-encoding tdTomato
without CaV-aβlator. Three weeks later, an intervertebral fusion
mount was combined with implantation of a vertebral glass
window to enable in vivo imaging of DRG neuron activity in
awake mice. Four weeks after AAV injection, the spared nerve

A D

B E

C F

Fig. 2. CaV-aβlator expressed in vivo ablates calcium currents in DRG neurons. (A) Experimental paradigm for CaV-aβlator injection in newborn mice. (B)
Confocal images of cultured DRG neurons from Thy1-GCaMP6s mouse injected at 3 to 5 d old in the hind paw with AAV9-expressing CaV-aβlator-P2A-tdTo-
mato. (C) Top, exemplar family of whole-cell Ca2+ channel currents obtained from young mice DRG neurons either negative (tdTomato�) or positive (tdTo-
mato +) for CaV-aβlator expression. Bottom, population Ca2+ current I-V curves from young mice DRG neurons negative (�, n = 6) or positive (red square, n = 5)
for CaV-aβlator expression. (D) Experimental paradigm for CaV-aβlator subcutaneous injection in adult mice. (E) Confocal image of DRG from a CaV-aβlator-
injected mouse. Autofluorescence in the green channel was exploited to isolate red signals due to CaV-aβlator-P2a-tdTomato expression from background red
autofluorescence. (F) Top, exemplar family of whole-cell Ca2+ channel currents obtained from adult mice DRG neurons either negative (tdTomato�) or positive
(tdTomato +) for CaV-aβlator expression. Bottom, population Ca2+ current I-V curves from adult mice DRG neurons negative (�, n = 19) or positive (red square,
n = 10) for CaV-aβlator expression.
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injury (SNI) model of neuropathic pain was initiated by ligat-
ing two branches of the sciatic nerve, the tibial and common
peroneal nerves, while sparing the sural nerve.
In control mice (SNI + tdTomato), in vivo Ca2+ imaging of

DRG neurons using two-photon microscopy showed low-
amplitude Ca2+ signals that were uncoordinated among differ-
ent cells, reflecting basal neuronal activity pre-SNI (Fig. 4B).
Three days after SNI, control DRG neurons displayed an
increase in spontaneous activity in vivo characterized by moder-
ate increases in the frequency, mean peak amplitude, and
synchronicity of Ca2+ transients (Fig. 4 B, D, and E). Seven
days post-SNI, there was a dramatic increase in the frequency
(2.01 ± 0.14 spikes/min pre-SNI vs. 5.99 ± 0.21 spikes/min 7
d post-SNI), mean amplitude (ΔF/F0 = 0.37 ± 0.02 pre-SNI
vs. 1.53 ± 0.18 7 d post-SNI), and synchronicity of Ca2+ tran-
sients in control mice DRG neurons (Fig. 4 B, D, and E).
Overall, the integrated Ca2+ activity in DRG neurons increased
over fourfold in vivo between pre-SNI and 7 d post-SNI (Fig.
4F). The increase in neuronal Ca2+ activity post-SNI is in
agreement with our previous observation that plantar formalin
injection that produces inflammatory nociception in mice indu-
ces a long-lasting augmentation of Ca2+ transients in DRG
neurons in vivo (32). The results are also consistent with the
phenomenon of peripheral sensitization known to occur in
neuropathic pain. In isochronal test animals injected with CaV-
aβlator AAV9, there was also an increase in the frequency,
mean amplitude, and integrated Ca2+ activity between pre- and
post-SNI conditions (Fig. 4 C–G). However, the increase in
Ca2+ signals and activity synchrony observed in CaV-aβlator-
injected mice was significantly lower than that observed in con-
trol mice (Fig. 4 B–G).

In accord with the observed increase in DRG neuron excit-
ability, control mice displayed a long-lasting mechanical allody-
nia as indicated by a reduced paw withdrawal threshold (PWT)
in the von Frey test that was evident 3 d after SNI and persisted
after 7 d of observation (Fig. 5A). In the test, mice of both sexes
were injected with CaV-aβlator, and there was a significant
reduction in mechanical allodynia that persisted over 7 d (Fig.
5A). Beyond mechanical allodynia, control mice injected with
AAV9-tdTomato vehicle also displayed a persistent increased
sensitivity to thermal and cold stimuli as reported by a reduced
paw withdrawal latency after SNI. Mice injected with CaV-
aβlator AAV9 showed significantly less thermal and cold sensitiv-
ity after SNI than contemporaneous vehicle-injected controls
(Fig. 5A). One concern was that CaV-aβlator could potentially
be expressed in unintended tissues and cells and lead to adverse
off-target effects. We conducted a series of behavioral tests to
evaluate the prevalence of potential inimical consequences of
in vivo CaV-aβlator expression. We observed no difference
between vehicle and CaV-aβlator-AAV9-injected mice in open
field (Fig. 5B), rotarod (Fig. 5C), and locomotor and reflex tests,
including placing, grasping, and righting reflexes (Fig. 5D).

Discussion

In this study, we utilized a targeted ubiquitination approach with
CaV-aβlator to selectively remove HVACCs from the surface of
DRG neurons. When delivered in vivo by AAV9 injection into
the hind paw of mice, CaV-aβlator is expressed in a subset of
DRG neurons and 1) strongly inhibits HVACC currents, 2)
results in an increase in the frequency of sIPSCs in the spinal cord
dorsal horn, 3) dampens the increase in DRG neuron Ca2+
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Fig. 3. Impact of CaV-aβlator expression in DRG neurons on spontaneous EPSCs and IPSCs in the spinal cord dorsal horn. (A) Exemplar sEPSC recorded in
the dorsal horn from control (black traces) and CaV-aβlator-injected (red traces) sides. (B) Cumulative distribution histograms of exemplar sEPSC amplitudes
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signaling in vivo that develops following SNI, 4) and provides a
long-lasting relief of SNI-induced mechanical allodynia and hyper-
sensitivity to thermal and cold stimuli, without any apparent
adverse effects. These results elevate CaV-aβlator as a candidate for
development as a potential gene therapy for neuropathic pain. We

discuss here the unique aspects of our approach within the
broader context of previous studies probing the potential of devel-
oping gene therapies for the treatment of chronic pain.

DRG neurons express multiple types of HVACCs including
CaV1.2, CaV2.1, CaV2.2, and CaV2.3. Ca2+ influx through
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these HVACCs mediates diverse functions in somatosensory
neurons including regulating excitability by coupling to Ca2+-
activated K+ and Cl� channels, controlling the release of a

neurotransmitter in the spinal cord dorsal horn and coupling
excitation to regulation of gene expression. The whole-cell
HVACC current in DRG neurons is found to be significantly
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downregulated after nerve injury that results in nocifensive
responses, with decreases extending to CaV1.2, CaV2.1, and
CaV2.2 channels (33–35). The decrease in whole-cell HVACC
current likely plays a prominent role in the increased excitabil-
ity of DRG neurons in chronic pain, as inhibiting HVACCs
with a mixture of blockers diminishes outward Ca2+-activated
K+ currents, prolongs nociceptor action potential duration, and
reduces amplitude of the afterhyperpolarization potential
(AHP) (33). Nevertheless, the conveyance of electrical signals
from hyperexcitable somatosensory neurons to central neurons
in the dorsal horn in neuropathic pain is still absolutely depen-
dent on Ca2+ influx through presynaptic CaV2 and, potentially,
CaV1.2 channels. During peripheral nerve injury, expression
levels of CaV channel α2δ-1 subunits are elevated in DRG neu-
rons (36–38). Not surprisingly, CaV2 channels are important
therapeutic targets for pain. The antinociceptive effects of gaba-
pentinoids are mediated through binding to auxiliary CaV
channel α2δ-1 and α2δ-2 subunits (13, 14); ziconotide, a pep-
tide that is used clinically as a second-line treatment for severe
chronic pain, acts by blocking pore-forming α1B (CaV2.2) sub-
unit and preventing neurotransmitter release from nociceptive
neurons in the dorsal horn (15, 39); and the analgesic action of
opiates involves voltage-dependent inhibition of presynaptic
CaV2 channels by Gβγ subunits released in response to agonist
binding to μ-opioid receptors (16). Despite CaV2 inhibition in
DRG neurons being a proven therapy for pain, no previous
study has explored a gene therapy directly targeting these chan-
nels for the alleviation of nocifensive responses. CaV2 channels
lie downstream of some previous gene therapies for pain strate-
gies including, overexpressing proenkephalin or endomorphin-
2 in DRG neurons (40), or downregulating the expression of
Nav1.7 channels (17). In comparison to such upstream targets,
direct inhibition of HVACCs by CaV-aβlator may be more
robust in eliminating different types of pain.
CaV-aβlator utilizes a CaVβ-targeted nanobody fused to the

catalytic HECT domain of Nedd4L to achieve targeted ubiqui-
tination of HVACC complexes, resulting in their elimination
from the cell surface. Auxiliary CaVβ subunits play a critical
role in the surface trafficking and functional maturation of
HVACCs (41). As such, molecules that disrupt the interaction
between CaV channel pore-forming α1 and auxiliary β subunits
have long been sought after as potentially useful CaV channel
inhibitors. Structure-based virtual screening and medicinal
chemistry led to the identification of small molecules capable of
disrupting the CaV channel α1/β interaction (42, 43). These
compounds inhibited HVACCs in cells at high micromolar
concentrations and yielded analgesic responses in rodent noci-
ception models. Nevertheless, such compounds might be
expected to have significant off target effects given the preva-
lence of HVACCs in all excitable cells and the general impor-
tant role of the α1/β interaction in functional expression of
CaV1 and CaV2 channels. Moreover, the mechanism of action
requires high concentrations of these small compounds to effec-
tively out-compete the low-nanomolar α1/β interaction. By
contrast to these small molecules, CaV-aβlator does not act by
competitively inhibiting the α1/β interaction and is genetically
encoded, allowing restricted expression in specific cell popula-
tions to limit off-target effects.
The work is further distinguished by the use of nanobody-

based targeted ubiquitination to achieve functional elimination
of a target protein as a potential gene therapy for pain. Previous
studies have utilized RNA interference and antisense oligonu-
cleotide approaches to achieve knockdown of gene expression
and to validate putative therapeutic targets in pain research.

For example, recombinant AAV-mediated delivery of siRNA to
the NMDA receptor in the spinal cord resulted in a 60 to 75%
decrease in NR1 mRNA and prevented mechanical allodynia in
response to injection of an inflammatory agent to the paw (44).
Similarly, herpes simplex virus (HSV)-mediated antisense
knockdown of Nav1.7 in DRG neurons prevented the develop-
ment of inflammatory hyperalgesia in a mouse model (17).
Nevertheless, despite the promise of RNA interference meth-
ods, their translation into clinical products has been challenging
due to hurdles with their delivery, stability, specificity, and pro-
pensity for off-target effects (45). The approach of harnessing
the physiological ubiquitin-proteasome system to achieve post-
translational knockdown of proteins involved in nociception, as
we have demonstrated here with CaV-aβlator, offers a comple-
mentary method to RNA interference that could advance the
clinical development of gene therapy for pain.

A perennial challenge of gene therapy for pain and other dis-
eases is the matter of selective and safe delivery of the therapeu-
tic gene or genetically encoded molecule to the relevant tissue
or cell population. Several studies have shown the effectiveness
of viral gene delivery into DRG neurons via intrathecal (46,
47) or direct intraganglionic (48, 49) injections. However,
these methods are invasive that may limit their clinical applica-
tions. Here, we show that footpad injection of AAV9-
expressing CaV-aβlator was effective in dampening hyperalgesia
that develops following SNI, even though the numbers of nerve
fibers expressing the protein in vivo appeared relatively modest.
This suggests that localized viral-mediated therapeutic gene
delivery to a site associated with chronic pain may yield an
analgesic effect with expression in just a few nerve fibers inner-
vating the region of interest. On the other hand, we observed
only a partial analgesic effect with CaV-aβlator that may poten-
tially be boosted by optimizing the numbers of neurons
expressing the transgene. Future work will seek to address the
challenge of maximizing the fraction of neurons expressing
CaV-aβlator following subcutaneous injection to achieve a near-
complete therapeutic effect while limiting confounding off-
target effects. A caveat relevant for the preceding point is that
the relatively modest number of neurons we observe that
express tdTomato reporter fluorescence is likely to represent a
lower limit. Owing to the background fluorescence we observe
in fixed samples using confocal microscopy, cells expressing a
low level of tdTomato fluorescence would not be counted due
to poor signal-to-noise ratio. Indeed, two-photon microscopy
on live DRG neurons in vivo suggested a significantly higher
fraction (∼42% in n = 6 mice) of cells expressing CaV-aβlator
(tdTomato fluorescence) after hind paw injection of AAV9
(Fig. 4 B and C). However, because these mice also expressed
GCaMP6s, we could not explicitly use the green channel to
background subtract possible autofluorescence.

A potential concern was that some of the AAV9 subcutane-
ously injected into the hind paw could enter the circulation
and affect other tissues in the body. This concern is mitigated
by our finding of no obvious adverse effects in mice following
footpad injection of AAV9-expressing CaV-aβlator—the
injected mice showed normal mechanical sensitivity and
behaved normally in rotarod, open field, locomotor, and reflex
tests. The efficacy of CaV-aβlator in eliminating nocifensive
responses could potentially be enhanced by switching from
AAV9 to HSV as the delivery vehicle. HSV is neurotropic and
readily taken up by afferent nerve terminals following subcuta-
neous injection and retrogradely transported to cell bodies in
DRG (50). Moreover, a phase I clinical trial showed that deliv-
ery of a HSV-expressing human preproenkephalin to patients
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with intractable focal pain due to cancer resulted in no serious
adverse events (11). Thus, examining whether HSV-mediated
delivery can enhance the efficacy of CaV-aβlator in alleviating
nociception while minimizing potential side effects is an impor-
tant future goal.
Based on our electrophysiology recordings of the dorsal horn

neurons in normal mice, sIPSC frequency was enhanced by
CaV-aβlator while sEPSC frequency and amplitude were
unchanged. This result was somewhat unexpected but could
explain the reduced development of hyperalgesia following
nerve injury. The majority of dorsal horn neurons are excitatory
neurons, including projection neurons and interneurons (31).
Excitatory neurons account for ∼70% of the neurons in lamina
I and ∼75% in lamina II in the mouse dorsal horn (25, 51). In
addition, these excitatory neurons receive strong inhibitory
input (52) within the superficial dorsal horn, which results in
overall reduced nociceptive signals to the brain. According to
the gate control theory, reduced inhibitory input onto superfi-
cial dorsal horn neurons following injury unveils polysynaptic
pathways that were constantly masked and leads to the develop-
ment of hyperalgesia (53–55). Conversely, enhanced inhibitory
input by transplantation of GABAergic neurons in the dorsal
horn before injury limits the development of mechanical hyper-
sensitivity (56, 57). This is consistent with our finding that
enhanced inhibitory input within the dorsal horn contributes
to reduced nociception, suggesting that the central mechanism
of the CaV-aβlator may contribute to the observed diminished
hyperalgesia.
Finally, in this study, we only examined the capacity of CaV-

aβlator to pre-emptively alleviate the development of nocifen-
sive responses. This has a potential application for pre-emptive
analgesia, an emerging area in preventing postoperative noci-
ception (58) that can be severe in some surgeries, such as tho-
racic surgery (59, 60). Evaluating the efficacy of CaV-aβlator to
reduce neuropathic pain after it is already established is an
important goal for the future.

Methods

Animal Use. All animal experiments were conducted with approval from and in
accordance with policies of the Columbia University Institutional Animal Care
and Use Committee. Mice were maintained in a temperature-controlled environ-
ment at Columbia University Medical Center with ad libitum access to food and
water. Adult C57BL/6 mice of both sexes (8 to 12 wk old) were purchased from
Jackson Laboratory. Transgenic Thy1.2-GCaMP6s mice expressing GCaMP6 slow
in some DRG neurons have been previously described (61). As no significant dif-
ferences were observed between male and female mice, data from both sexes
were grouped together for analysis.

CaV-aβlator AAV9 Design and Injection. CaV-aβlator (pFB-CMV-tdTomato-
P2A-F3-Nedd4L) was designed and engineered according to our earlier protocol
(20) and packaged into AAV9 (3.6 × 1013 vg/mL) by ViroVek Inc. Control AAV
(pFB-CMV-tdTomato (1 × 1010 vg/mL) was purchased from Vector Biolabs. Mice
older than 3 wk were first anesthetized under isoflurane and CaV-aβlator of low
(1:3 dilution, final 9 × 1012 vg/mL, 20 μL volume, total 1.8 × 1011 vg) or high
dose (final 3.6 × 1013 vg/mL, 20 μL volume, total 7.2 × 1011 vg) was subcuta-
neously injected into the left hind paw of the mouse from its ventral side with
BD Insulin Syringes with BD Utra-Fine Needle. The needle was kept in the tissue
for 1 to 2 min before being pulled out of the paw to minimize the potential leak-
age of the agent. No clear adverse effect of the CaV-aβlator on the mice was
observed for both doses. For virus injection into mouse pups (P3 to P7), ice
hypothermia and reduced volume (5 μL) were used for the plantar injection. Fol-
lowing injection, pups were kept on the heating pad until their body tempera-
ture returned to a normal level. The pups were then placed back into the cage in
close vicinity to the mother.

Nerve Injury Model. SNI of the sciatic nerve was performed in Thy1-GCaMP6s
mice infected with CaV-aβlator from hind paw injection (62). In brief, mice were
anesthetized with 3.5% isoflurane in air. Anesthesia was maintained with 1.2%
isoflurane in air. A 0.5-cm-long incision in the left thigh was made to expose the
sciatic nerve and its three branches. The common peroneal nerve and tibial
nerve were ligated and axotomized by removing a 2- to 4-mm piece of each dis-
tal nerve stump. The sural nerve was kept intact.

In Vivo Ca2+ Imaging of DRG Neurons and Data Analysis. Thy1-GCaMP6s
mice were used for Ca2+ imaging of afferent sensory somas in the DRG. DRG
window implantation was performed as described previously (32). In brief, mice
were anesthetized with 100 mg/kg ketamine and 15 mg/kg xylazine. Following
a 1-cm-long skin incision in the back between the L3 and L5 level of the spine,
the muscles along the lateral aspects were detached and retracted. The long and
short bracket of the vertebrae mount device was aligned with the left and right
side of the L4 and L5 vertebrae, respectively, and registered with a locking screw.
After the articular processes around the exposed DRG were trimmed, a thin layer
of Kwik-Sil silicone elastomer was applied on top of DRG and a round coverslip
was placed on top of the elastomer. The coverslip was secured to the vertebrae
mount using cyanoacrylate and dental acrylic. Throughout the surgical procedure
and recovery, the mouse body temperature was maintained at∼37 °C.

During imaging, awake mice were placed in a 2.9-cm-diameter transparent
plastic cylinder mounted onto a heavy metal base to attenuate motion-related
artifacts. Mice were habituated to this fixation device for at least 30 min before
imaging. Imaging was performed using a Scientifica two-photon system
equipped with a Ti:sapphire laser (Vision S, Coherent) tuned to 920 nm. The
average laser power on the sample was ∼20 to 30 mW. Images were collected
at frame rates of 1.3 to 1.7 Hz at a resolution of 512 × 512 pixels using a 25×
objective (numerical aperture = 1.05) immersed in artificial cerebrospinal fluid
(aCSF) and with a 1× digital zoom. Image acquisition was performed using
ScanImage software (Vidrio Technologies) and analyzed post hoc using ImageJ
(NIH) and MATLAB (Mathworks) software.

Image analysis was performed as previously described with minor modifica-
tions (63). When the animal was quiet resting, motion artifacts in DRG imaging
stacks were subtle and further corrected using the ImageJ stabilizer plugin. The
active neurons were then extracted as individual components using custom code
in MATLAB, and a temporal trace that captured their individual fluorescence
intensity fluctuation was depicted. The neural activity deconvolution was further
performed using sparse nonnegative deconvolution and implemented using the
near-online OASIS algorithm (64, 65). The peak amplitude and number of spikes
per min were analyzed. The ΔF/F0 was calculated as ΔF/F0 = (F � F0)/F0 ×
100%, where F0 is the baseline fluorescence signal corresponding to the inactive
portions of the raw fluorescence trace during the 4-min recording. Average inte-
grated Ca2+ activity was the average ofΔF/F over 4 min.

Behavior Tests.
Von Frey test. As an assay of mechanical sensitivity, we employed Dixon’s up
and down method to measure the animals’ PWT (66). Mice were placed into
transparent acrylic boxes (10 cm × 7 cm × 7 cm) over a mesh table and habitu-
ated for 30 min. A series of von Frey filaments (0.008, 0.02, 0.07, 0.16, 0.4, 0.6,
1.0, 1.4, 2.0, and 4.0 g) were then presented to the paw plantar surface in con-
secutive ascending order. In the absence of a paw-withdrawal response, the next
stronger stimulus was presented; in the event of paw withdrawal, the next
weaker stimulus was used. After the response threshold was first crossed, six
data points were counted, at which time the two responses straddling the thresh-
old were retrospectively designated as the first two responses of the series of 6.
The 50% PWT was calculated as follows: 50% g threshold = (10[Xf +κδ])/10,000,
where Xf = value (in log units) of the final von Frey hair used, κ = tabular value
for the pattern of positive/negative responses (67), and δ = mean difference
(in log units) between stimuli (here, 0.2699).
Thermal test. To measure the heat sensitivity, mice were individually placed in
transparent acrylic boxes (10 cm × 7 cm × 7 cm) on the transparent glass pane
of infrared plantar testing system (Model 37370, Ugo Basile) and habituated for
30 min. During the testing sessions, the lateral plantar aspect of the mouse hind
paw was stimulated through the glass pane by a thermal emitter, which delivers
calibrated radiant heat. The latency of significant paw withdrawal was scored
automatically by the system. Each mouse was tested for 3 to 4 times at intervals
of more than 1 h, and the mean was calculated as Hargreaves response.
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Cold plate. Cold sensitivity was measured using a custom-built device assem-
bled with a thermoelectric Peltier cold plate (CP-031; TE Technologies) and ther-
moelectric temperature controller (TC-720; TE Technologies). Before testing was
performed, mice were individually placed in a transparent acrylic container
placed on the plate and habituated for 30 min at room temperature. During test-
ing, the temperature of plate was set at 0 °C and the withdrawal latencies were
recorded. The withdrawal response was identified as hind paw lifting coupled
with flinching.

Open field, rotarod, and locomotor function tests were assessed in tdTomato-
and CaV-aβlator-injected mice without DRG window implantation and SNI
surgery.
Open field test.Mice were allowed to run a 40-cm × 40-cm × 40-cm open field
arena over a 10-min session (Stoelting). Video tracking for activity and anxiety
was performed using ANY-maze software (Stoelting). Briefly, the distance trav-
eled, time spent, and average speed in the center (a square area of 20 cm× 20
cm at the center of the arena) and at the periphery (band of 10 cm wide from
the outer of the arena) of the arena were recorded and analyzed.
Rotarod test. An EZRod system with a test chamber (Omnitech Electronics) was
used to perform the rotarod test. Mice were placed on a motorized rod, the rota-
tion speed of which increased gradually from 0 to 100 rpm over a course of 3
min. The time in seconds each mouse spent on the accelerating rod before fall-
ing was recorded. For each mouse, rotarod performance was measured and aver-
aged over 10 trials.
Locomotor function test. Three reflex tests were carried out as previously
described (68). 1) Placing reflex: The mouse was held with the hind limbs
slightly lower than the forelimbs, and the dorsal surfaces of the hind paws were
brought into contact with the edge of a table. The experimenter recorded
whether the hind paws were placed on the table surface reflexively. 2) Grasping
reflex: The mouse was placed on a wire grid, and the experimenter recorded
whether the hind paws grasped the wire on contact. 3) Righting reflex: The
mouse was placed on its back on a flat surface, and the experimenter noted
whether it immediately assumed the normal upright position. Scores for placing,
grasping, and righting reflexes were based on counts of each normal reflex
exhibited in five trials.

Cryosection. Four to six weeks following AAV injection into wild-type mice, they
were euthanized for electrophysiology recording or cryosection imaging. The sci-
atic nerves, lumbar dorsal roots, DRGs, and ventral skin of the paws were collected
and fixed in 4% paraformaldehyde for at least 2 h to overnight. Tissues were then
washed in phosphate-buffered saline (PBS) three times, placed in 30% sucrose
PBS overnight at 4 °C, and then embedded in the Tissue-Tek optimum cutting
temperature solution (Sakura) within Tissue-Tek cryomolds. The cryomolds were
then positioned on top of a thin layer of liquid 2-methylbutane within an alumi-
num foil boat, which was then placed over liquid nitrogen. Cryosections of 25
μm were obtained using a Leica CM1850 ultraviolet (UV) cryostat, and the sec-
tions were taken onto Superfrost slides (Fisherbrand). DAPI mounting medium
(DAPI Fluoromount-G, SouthernBiotech) was directly applied on the sectioned tis-
sues to make the tissues completely immersed in the medium, with coverslips
placed over the medium. The medium was left dry for at least 2 h before a nail
coat (Seche Vite dry fast top coat) was used to seal the side of the coverslips.

Confocal Imaging. Tissue cryosections were imaged using a Nikon Eclipse Ti
A1-A laser scanning confocal microscope with NIS-Elements AR 5.02.00 64-bit
software. Coherent OBIS 405, 488, and Sapphire 561 lasers and filter sets of
425 to 475 nm (blue channel), 500 to 550 nm (green channel), and 570 to 620
nm (red channel) were installed in the confocal system. Nikon Plan Apo 10×/
0.45 DIC N1, VC 20×/0.75 DIC N2, and Plan Fluor 40×/1.30 Oil DIC H objec-
tives were used. Image analysis was done with the Fiji ImageJ program. Because
autofluorescence emitted by the organelles can be seen in both red and green
channels, we used green autofluorescence for a background subtraction of red
fluorescence signals to distinguish true tdTomato fluorescence from autofluores-
cence. Before subtraction for each image analysis, both red and green channel
images were normalized with a 0.1% saturation setting unless specified.

DRG Culture Preparation. Following decapitation of the mice infected with
AAV, lumbar DRGs from the AAV-injected side and the control side were har-
vested separately and transferred to Ca2+-free, Mg2+-free Hanks’ balanced salt
solution (HBSS; Invitrogen) containing the following (in mM): 137.9 NaCl, 5.3

KCl, 0.34 Na2HPO4, 0.44 K2HPO4, 5.6 glucose, 4.2 NaHCO3, and 0.01% phenol
red. Ganglia were treated with collagenase (1.5 mg/mL; Type P; Sigma-Aldrich)
in HBSS for 20 min at 37 °C followed by 1× TrypLE (Thermo Fisher Scientific) for
2 min with gentle rotation. After the TrypLE was removed, the remaining TrypLE
was neutralized with culture medium (modified Eagle’s medium [MEM], with
L-glutamine, Phenol Red, without sodium pyruvate; Thermo Fisher Scientific,
#11095-080) supplemented with 10% horse serum (heat-inactivated; Invitro-
gen), 100 U/mL penicillin, 100 μg/mL streptomycin, MEM vitamin solution
(Thermo Fisher Scientific), and B-27 supplement. The DRGs were left in the tubes
vertically for 5 min and the serum-containing medium was decanted. DRGs were
resuspended with serum-free MEM containing the supplements listed above
and triturated using a fire-polished pasteur pipette. DRG neurons were plated on
laminin-treated (0.05 mg/mL) glass coverslips, rinsed with 70% ethanol, and UV
sterilized. Cultures were then incubated at 37 °C in 5% CO2 and used for electro-
physiological experiments at 24 to 48 h after plating.

Spinal Cord Slicing. The procedure for mouse spinal cord slicing was modified
from published work (69, 70). In short, the spinal cord was first obtained
through dissection of vertebrae from the mouse in 2 to 4 °C N-methyl-D-gluc-
amine–4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (NMDG-Hepes) aCSF
following its decapitation. NMDG-Hepes aCSF contains (in mM) 92 NMDG, 2.5
KCl, 1.25 NaH2PO4, 30 NaHCO3, 20 Hepes, 25 glucose, 2 thiourea, 5
Na-ascorbate, 3 Na-pyruvate, 0.5 CaCl2, and 10 MgCl2, with the at pH 7.3 to 7.4
and osmolality measured and adjusted to 300 to 310 mOsmol/kg. The spinal
cords were then placed into a small dish (2.5-cm diameter, 2-cm height) with a
piece of filter paper at the bottom. The dish was quickly filled with 2% preheated
low-melting-point agarose (Invitrogen Life Technologies) and placed on ice
immediately to make the agarose solidify. The solidified agar blocks with embed-
ded spinal cords were taken out from the small dish and placed in the slicing
chamber of a Leica VT1200S vibrating blade microtome. The filter paper was
removed, and transverse slices (350 μm) were cut using the microtome in 4 °C
NMDG-Hepes aCSF. After all the slices were collected, they were transferred to a
recovering solution in a chamber and kept in the NMDG-Hepes aCSF at 34 °C. A
total of 2 M Na+ spike-in solution (580 mg of NaCl dissolved in 5 mL of freshly
prepared NMDG-Hepes aCSF) was prepared and added into the NMDG-Hepes
aCSF at 34 °C every 5 min starting at the time of slice transfer at dilution ratios
of 1:600, 1:600, 2:600, 4:600, and 8:600. Slices were transferred to Hepes
holding aCSF after 25 min. Hepes holding aCSF contains (in mM) 92 NaCl, 2.5
KCl, 1.25 NaH2PO4, 30 NaHCO3, 20 Hepes, 25 glucose, 2 thiourea, 5
Na-ascorbate, 3 Na-pyruvate, 2 CaCl2, and 2 MgCl2 and is titrated to pH 7.3 to
7.4. For mice older than 3 months old, there was a delay of 5 min for the addi-
tion of the Na+ spike-in solution, and the slices were transferred from NMDG-
Hepes aCSF to Hepes holding aCSF after 30 min.

Electrophysiology Recordings and Data Analysis. For cultured DRG neu-
rons, whole-cell patch clamp recordings were performed using an EPC-10 patch
clamp amplifier (HEKA Electronics) controlled by Pulse software (HEKA). Micro-
pipettes were prepared from 1.5-mm thin-walled glass (World Precision Instru-
ments) using a P97 microelectrode puller (Sutter Instruments). The internal
solution contained (mM) the following: 135 cesium-methansulfonate
(CsMeSO3), 5 CsCl, 5 egtazic acid (EGTA), 1 MgCl2, 2 MgATP, and 10 Hepes (pH
7.3). The series resistance was typically between 1 and 2 MΩ. There was no elec-
tronic resistance compensation. The external solution contained (mM) 140 tet-
raethylammonium-MeSO3, 5 BaCl2, and 10 Hepes (pH 7.4). Whole-cell I-V
curves were generated from a family of step depolarizations (�60 mV to +80
mV from a holding potential of�90 mV). Currents were sampled at 20 kHz and
filtered at 5 kHz. Traces were acquired at a repetition interval of 10 s. Leak and
capacitive transients were subtracted using a P/4 protocol.

Dorsal horn neuron recordings from acute spinal cord slices are described
(30, 69). In brief, voltage-clamp whole-cell patch recordings were used to record
sEPSCs and sIPSCs from dorsal horn neurons in lamina I and II. Recordings were
made at room temperature and the extracellular solution contained (in mM)
124 NaCl, 2.5 KCl, 1.25 NaH2PO4, 24 NaHCO3, 12.5 glucose, 5 Hepes, 2 CaCl2,
and 1 MgCl2 that was titrated to pH 7.3 to 7.4.

Recording electrodes (3 to 5 MΩ) were pulled from borosilicate glass
capillaries (0.86-mm inner diameter, 1.5-mm outer diameter). The intracellular
solution included the following (in mM): 120 Cs-methanesulfonate, 10
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Na-methanesulfonate, 10 EGTA, 1 CaCl2, 10 Hepes, 5 lidocaine N-ethyl bromide
quaternary salt Cl, 0.5 NaGTP, 5 MgATP, and 0.1% biocytin, with the pH adjusted
to 7.2 with CsOH; osmolality was 280 mOsm/L. Cells were held at �70 mV and
0 mV for sEPSC and sIPSC recordings, respectively. Data were recorded and
acquired using an Axopatch 200B amplifier and pClamp 9 software (Molecular
Devices), filtered at 5 kHz, and digitized at 10 or 20 kHz. Lamina II appears
translucent.

Mini Analysis software (Synaptosoft) was used for data analysis. For the analy-
sis of sEPSCs and sIPSCs, their frequency, amplitude, rise time, decay τ (1/e =
63% decay time) and area under the curve were measured. Events thresholds
were set to be 9 pA for sEPSCs and 8 pA for sIPSCs, which are close to three
times of the root mean square (RMS) noise of the baseline.

Statistics. Prism software (GraphPad) was used to conduct the statistical analy-
sis. Summary data are given as mean ± SEM when the samples followed a nor-
mal distribution and presented as median and 25 to 75% range when not they
did not follow a normal distribution. Differences between two groups were
assessed by unpaired two-tailed Student’s t test when both groups of samples
followed the Kolmogorov–Smirnov (KS) normality test. For data that failed

normality testing, the two-tailed Mann–Whitney test was used. Grubb’s test was
used to remove outliers with P < 0.01 as significance. A multiple-group compar-
ison was performed with one-way or two-way ANOVA when all groups of samples
followed KS normality tests. Otherwise, the Kruskal–Wallis nonparametric test
was used. Significance was set at P < 0.05.

Data Availability. All study data are included in the article and/or SI Appendix.
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