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Abstract

High-voltage-activated (HVA) calcium channels play an important role in synaptic transmission.
Activation of Mas-related G-protein-coupled receptor subtype C (MrgC; mouse MrgC11, rat
homolog rMrgC) inhibits HVA calcium current (Icg) in small-diameter dorsal root ganglion
(DRG) neurons, but the intracellular signaling cascade underlying MrgC agonist-induced
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inhibition of HVA I, in native DRG neurons remains unclear. To address this question, we
conducted patch-clamp recordings in MrgA3-eGFP-wild-type mice, in which most MrgA3-eGFP*
DRG neurons co-express MrgC11 and can be identified for recording. We found that the
inhibition of HVA I, by JHU58 (0.001-100 nM, a dipeptide, MrgC-selective agonist) was
significantly reduced by pretreatment with a phospholipase C inhibitor (U73122, 1 uM), but not
by its inactive analogue (U73343) or vehicle. Further, in rats that had undergone spinal nerve
injury, pretreatment with intrathecal U73122 nearly abolished the inhibition of mechanical
hypersensitivity by intrathecal JHU58. The inhibition of HVA I, in MrgA3-eGFP* neurons by
JHUS58 (100 nM) was partially reduced by pretreatment with a G, blocker (gallein, 100 pM).
However, applying a depolarizing prepulse and blocking the G, and G5 pathways with pertussis
toxin (0.5 pg/mL) and cholera toxin (0.5 ug/mL), respectively, had no effect. These findings
suggest that activation of MrgC11 may inhibit HVA Ic, in mouse DRG neurons through a
voltage-independent mechanism that involves activation of the phospholipase C, but not G or
Ggs, pathway.
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INTRODUCTION

Recent studies suggest that Mas-related G protein-coupled receptors (Mrg) may play an
important role in the function of nociceptive neurons and in the modulation of pain (Dong et
al., 2001; Lembo et al., 2002; Grazzini et al., 2004). In particular, the subtype C of Mrg
receptors (MrgC) may be a compelling new target for pain therapy by virtue of its restricted
distribution in small-diameter primary sensory neurons, including both IB4-positive (non-
peptidergic) and calcitonin gene-related peptide-positive (peptidergic) subpopulations in
mice and rats (Han et al., 2013; He et al., 2014a; He et al., 2014b). Intrathecal administration
of agonists to MrgC (mouse MrgC11, rat homolog rMrgC) produces analgesic effects in
rodent models of inflammatory and neuropathic pain(Chen et al., 2006; Guan et al., 2010a;
Jiang et al., 2013; He et al., 2014b). Recent studies have begun to reveal cellular
mechanisms that may underlie MrgC agonist-induced analgesia in animal models of these
pain types (Jiang et al., 2013; Wang et al., 2013; Li et al., 2014).

In our previous studies, we showed that JHU58, a novel, dipeptide, MrgC-selective agonist,
dose-dependently inhibits N-type, but not L- or P/Q-type, high-voltage-activated (HVA)
calcium channels in native mouse dorsal root ganglion (DRG) neurons (Li et al., 2014).
Activation of HVA calcium channels plays a vital role in excitatory synaptic transmission
and the presynaptic release of neurotransmitters (Abernethy and Schwartz, 1999; McGivern,
2006; Hoppa et al., 2012). In line with these findings, JHU58 attenuated both spontaneous
and evoked excitatory postsynaptic currents in substantia gelatinosa dorsal horn neurons of
spinal slices from wild-type mice that had undergone nerve injury, but not in those from
similarly treated Mrg-clusterA~'~ (Mrg KO) mice(Li et al., 2014; He et al., 2014b). The
inhibition of HVA calcium current (Icg) and the alleviation of neuropathic pain-related
behavior in animal models by JHU58 were both Mrg-dependent (Li et al., 2014; He et al.,
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2014b). These findings suggest that MrgC agonism at central terminals of primary sensory
fibers may decrease peripheral excitatory inputs onto dorsal horn neurons.

HVA calcium channels can be modulated by different G-protein-dependent pathways
(Dolphin and Scott, 1989; Hille et al., 1995; Herlitze et al., 1996). Mu-opioids are known to
inhibit HVA calcium channels in DRG neurons primarily through the G ;-dependent
pathway(Dolphin and Scott, 1989); this inhibition leads to attenuation of neuronal
excitability and reduction of excitatory neurotransmitter release(Su et al., 1998; Morikawa et
al., 2006; Callaghan et al., 2008). MrgC, a G-protein-coupled receptor that is similar to
human MrgX1 in expression and function, can act via both G,q/11 and G pathways(Dong
et al., 2001; Han et al., 2002; Zylka et al., 2003). However, the major intracellular signaling
cascade by which an MrgC agonist inhibits HVA I, in native DRG neurons remains
unclear. It has been difficult to identify MrgC-bearing DRG neurons for recording because
only a subset of native DRG neurons express MrgC (Liu et al., 2009; Han et al., 2013).
Intriguingly, MrgA3 is highly colocalized with MrgC11 in mouse DRG neurons (Liu et al.,
2009; Han et al., 2013; Li et al., 2014). We recently developed MrgA3-eGFP-wild-type
mice, in which most MrgA3 promoter-driven eGFP* neurons co-express MrgC11(Han et al.,
2013; Li et al., 2014). Because MrgA3-eGFP* neurons can be seen by endogenous green
fluorescence, we can prospectively identify these neurons that co-express MrgC11 and
examine their functions without having to randomly sample a large number of neurons for
electrophysiologic recording. This approach may facilitate mechanistic studies aimed at
further dissecting the intracellular events involved in the actions of MrgC agonists.

To assess the possible involvement of different transduction pathways in the inhibition of
HVA I, by MrgC agonism, we used pharmacologic approaches to examine whether
pretreatment with selective G, Gg/11, Gas, and G, pathway blockers reduces the ability
of MrgC agonists to inhibit HVA ¢, in MrgA3-eGFP* wild-type DRG neurons. Our
findings suggest that JHU58 inhibits HVA ¢4 through phospholipase C (PLC)-dependent
mechanisms in this subset of mouse DRG neurons.

EXPERIMENTAL PROCEDURES

Animals and surgery

All procedures were approved by the Johns Hopkins University Animal Care and Use
Committees as consistent with the National Institutes of Health Guide for the Use of
Experimental Animals. Animals received food and water ad libidum and were housed on a
12-h day-night cycle in isolator cages.

MrgA3-eGFP-wild-type mice—We purchased a mouse BAC (bacterial artificial
chromosome) clone (RP23-311C15) containing the entire MrgA3 gene from the Children’s
Hospital Oakland Research Institute. The BAC clone was modified by homologous
recombination in bacteria to generate the MrgA3 GFP-Cre transgenic line as described in
our previous studies(Han et al., 2013; Li et al., 2014).

L5 spinal nerve ligation (SNL) model of neuropathic pain—Male Sprague-Dawley
rats (200-350 g, Harlan, Indianapolis, IN) were anesthetized with 2% isoflurane. The left L5
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spinal nerve was ligated with a 6-0 silk suture and cut distally as described in our previous
studies(Guan et al., 2010b; He et al., 2014b). The muscle layer was closed with 4-0 chromic
gut suture and the skin closed with metal clips.

Intrathecal catheter implantation—A saline-filled piece of PE-10 tubing (5-6 cm) was
inserted into the intrathecal space of rats through a small slit in the atlanto-occipital
membrane. After completing the experiment, we confirmed intrathecal drug delivery by
injecting lidocaine (400 pug/20 WL, Hospira, Lake Forest, IL), which resulted in a temporary
motor paralysis of the lower limbs.

Paw withdrawal threshold (PWT) test

Drug effects were tested in nerve-injured rats at the maintenance phase of neuropathic pain
(4-5 weeks post-SNL)(Guan et al., 2008; Guan et al., 2010b). All behavioral tests were
conducted in the morning by an experimenter blind to drug treatment conditions. We
determined hypersensitivity to punctuate mechanical stimulation with the up-down method
by applying a series of von Frey filaments (0.38-13.1 g) to the test area on the plantar
surface of the hind paw for 4-6 s each. We calculated the PWT according to the formula
provided by Dixon(Dixon, 1980). Rats that underwent SNL but did not develop mechanical
hypersensitivity (>50% reduction of PWT from pre-SNL baseline) by day 5 and rats that
showed impaired motor function or deteriorating health after treatment were eliminated from
the subsequent behavioral studies, and data were not analyzed.

Culture of dissociated DRG neurons

Acutely dissociated DRG neurons from mice (3—-4 weeks old) were collected in cold DH10
(90% DMEM/F-12, 10% FBS, 100 U/mL penicillin, and 100 pug/mL streptomycin,
Invitrogen, Grand Island, NY) and treated with enzyme solution (5 mg/mL dispase, 1
mg/mL collagenase Type | in HPBS without Ca2* and Mg?2*, Invitrogen) at 37°C for 30
min. After trituration and centrifugation, cells were resuspended in DH10, plated on glass
coverslips coated with poly-D-lysine and laminin, and cultured in an incubator (95% O, and
5% CO») at 37°C for 24 h with nerve growth factor (25 ng/mL) and glial cell-derived
neurotrophic factor (50 ng/mL).

Transfecting MrgC11 gene into DRG neurons from Mrg-clusterA™~ mice

The MrgC11 gene, which is deleted in Mrg-clusterA~/~ mice, has been cloned into
mammalian expression vectors. MrgC11 expression constructs were electroporated into the
Mrg mutant DRG neurons by using Mouse Neuron Nucleofector Kit (Amaxa Biosystems) as
described in our previous studies (Liu et al., 2009; Li et al., 2014). By fusing GFP to the C-
termini of MrgC11 coding sequences, we are able to visualize the transfected cells and
proper membrane localization of MrgC11 during electrophysiologic recording. Previous
studies have shown that GFP does not disturb normal function of the receptors(Dong et al.,
2001; Han et al., 2002).
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Whole-cell voltage-clamp recordings from DRG neurons

Drugs

The coverslip was transferred into a perfusion chamber with extracellular solution (in mM:
145 TEA-CI, 5 CaCls,, 0.8 MgCl,, 10 HEPES, 5 glucose; pH adjusted to 7.39 with TEA-OH,
and osmolarity adjusted to 320 mOsm with sucrose). GFP-expressing neurons with cell body
diameters between 22 and 25 um were recorded in the whole-cell voltage-clamp
configuration. The intracellular pipette solution contained (in mM): 135 CsCl, 1 CaCls, 2
MgCl,, 1.5 MgATP, 0.3 NapGTP, 11 EGTA, 10 HEPES, with pH of 7.3 (adjusted by CsClI)
and osmolarity of 310 mOsm (adjusted by sucrose). Electrodes were pulled (Model pp-830,
Narishige International USA, Inc. Long Island, NY) from boraosilicate glass (WPI, Inc.,
Sarasota, FL) and had a resistance of 2—4 M. Whole-cell currents were measured with an
Axon 700B amplifier and the pCLAMP 9.2 software package (Molecular Devices,
Sunnyvale, CA). Current traces were sampled at 10 kHz and low-pass filtered at 2 kHz.
Low-voltage-activated (LVA) I.5 was evoked at —40 mV (20 ms) from a holding potential
of —80 mV, and HVA I, was evoked at 10 mV (20 ms) from a holding potential of -60 mV.
All experiments were performed at room temperature (~25°C). The liquid junction potential,
cell membrane capacitance, and series resistance were electronically compensated. An
experimenter blind to genotype and/or drug treatment conditions performed all
electrophysiologic recordings.

Stock solutions were freshly prepared as instructed by the manufacturer. BAM8-22, JHU58
(a dipeptide MrgC-selective agonist), pertussis toxin (PTX, a G; pathway blocker), cholera
toxin (CTX, a G pathway blocker), vasoactive intestinal polypeptide (VIP), morphing,
DAMGO, and tetrodotoxin (TTX) were all diluted in saline or extracellular solution.
U73122 (a PLC inhibitor), U73343 (an inactive analogue of U73122), and m-3M3FBS (a
PLC activator) were initially dissolved in 50% dimethylsulfoxide (DMSO) in 0.9% sterile
saline. PTX was added into DH10 cell culture medium for 18-24 h before recording and
was also included in the intracellular solution. CTX was applied in the same way as PTX.
BAMS8-22 and JHU58 were synthesized by Johns Hopkins University. Other drugs were
purchase from Sigma-Aldrich (St. Louis, MO) or Tocris Bioscience (Bristol, UK).

Data analysis

The methods for statistical comparisons in each study are given in the figure legends. The
number of animals used in each study was based on our experience with similar studies and
power analysis calculations. We randomized animals to the different treatment groups and
blinded the experimenter to drug treatment to reduce selection and observation bias. After
the experiments were completed, no data point was excluded. Representative data are from
experiments that were replicated biologically at least three times with similar results.
STATISTICA 6.0 software (StatSoft, Inc., Tulsa, OK) was used to conduct all statistical
analyses. The Tukey honestly significant difference (HSD) post-hoc test was used to
compare specific data points. Bonferroni correction was applied for multiple comparisons.
Two-tailed tests were performed, and data are expressed as mean + SEM; P<0.05 was
considered significant in all tests.
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RESULTS

JHUS58 inhibition of HVA I, in MrgA3-eGFP* DRG neurons does not require G,; pathway

Previous studies have shown that MrgC11 is the mouse receptor for JHU58 (L.i et al., 2014;
He et al., 2014b). Consistent with our previous findings (Li et al., 2014), bath application of
JHUS58 induced a quick and dose-dependent decrease of HVA I, in MrgA3-eGFP* DRG
neurons that mostly co-express MrgC11 in wild-type mice (Fig. 1A-D). JHU58-induced
inhibition diminished after washout with extracellular solution, suggesting that the drug
action is reversible (Fig. 1B,C). MrgA3-eGFP* DRG neurons exhibited small or virtually no
LVA I, (Fig. 1A). To block the G,j pathway, we pre-incubated DRG neurons overnight
with PTX (0.5 pg/mL) as in previous studies(Dolphin and Scott, 1989; Chen and Ikeda,
2004). PTX was also included in the intracellular solution during patch clamp recording of
these neurons. Compared to the respective vehicle control (n=5), PTX treatment
significantly reduced the inhibition of HVA I¢z by morphine (100 nM, n=11; Fig. 1B-D).
PTX treatment also reduced the inhibition of HVA Ic, by DAMGO (100 nM), a highly
selective mu-opioid receptor agonist, in MrgA3-eGFP* neurons. DAMGO decreased HVA
Ica by 25.9 £ 1.9% (n=5) in vehicle-pretreated neurons but by only 15.7 £ 2.6% (n=4) in
PTX-treated neurons. These findings indicate that PTX effectively blocked G; pathways in
DRG neurons. However, the same PTX treatment did not significantly reduce the ability of
JHU58 (0.001-100 nM, n=6-12/dose, one dose/neuron) to inhibit HVA Ic4 in MrgA3-
eGFP* neurons, as compared to the control (n=8-12/group; Fig. 1D).

BAMS8-22 inhibition of HVA I., in MrgC11-GFP* DRG neurons does not require G,j pathway

BAMBS8-22 is a large peptide agonist to both MrgC11 and human homolog MrgX1 and
inhibits HVA I, in rat DRG neurons that heterologously express MrgX1. Because this
effect of BAMB8-22 was reported to be sensitive to PTX (Chen and Ikeda, 2004), we next
examined whether inhibition of HVA I by BAM8-22—induced activation of MrgC11 also
involves the G; pathway. The Mrg-mutant DRG neurons were transfected with MrgC11
and can be visualized by co-expressed GFP for recording (Fig. 2A). As in our previous study
(Li etal., 2014), bath application of BAM8-22 (3 uM) significantly inhibited HVA I, in
MrgC1l1-transfected cells, but not in non-transfected cells. The peak inhibitory effect usually
occurred at 60 s after drug application (Fig. 2B). Importantly, the reductions in HVA Ic,
induced by BAMB8-22 (3 uM) were similar in MrgC11-transfected neurons pretreated with
PTX (0.5 ug/mL, n=12, I, inhibition: 58.1 + 3.9% of pre-drug) and those pretreated with
vehicle (control, n=9, I, inhibition: 55.8 + 7.8% of pre-drug; Fig. 2C), suggesting that PTX
did not block the BAMS8-22—induced inhibition of HVA I¢,.

The inhibition of HVA I, in MrgA3-eGFP* DRG neurons by JHU58 involves PLC-
dependent mechanisms

MrgC11 also couples with the Gg/11 pathway(Han et al., 2002; Chen and lkeda, 2004),
which works by activating PLC. We next examined whether the JHU58-induced inhibition
of HVA I, in MrgA3-eGFP* DRG neurons involves PLC-dependent mechanisms. In
MrgA3-eGFP* neurons, inhibition of HVA I, by different doses of JHU58 (0.001-100 nM,
n=4-9/dose, one dose/neuron) was significantly reduced by acute pretreatment with a PLC
inhibitor (U73122, 1 pM, 2 min, bath application; Fig. 3A,B), but not by pretreatment with
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the vehicle of U73122. Importantly, pretreatment with U73343 (1 pM), an inactive analogue
of U73122, did not affect JHU58 inhibition of HVA I¢, (Fig. 3D). Bath application of PLC
activator m-3M3FBS (50 uM) inhibited HVA I, in the absence of JHU58 (Fig. 3D).
Extracellular solution (vehicle of JHU58) did not affect HVA Ic,.

The inhibition of HVA I, in MrgA3-eGFP* DRG neurons by JHU58 is not voltage-

dependent

HVA I, inhibition by G-protein-coupled receptor activation can involve agonist-induced
release of Gg, subunits, in addition to release of G, subunit. Therefore, we examined
whether inhibition of HVA I¢, by JHU58 (100 nM) in MrgA3-eGFP* neurons can be
reduced by acute pretreatment with a Gg, blocker (gallein, 100 uM, 2 min, bath application,
n=8; Fig. 4A,B). Unexpectedly, gallein alone gradually decreased HVA I¢c4 before JHU58
was applied (Fig. 4C). Under these conditions, gallein attenuated the JHU58-induced
decrease in HVA I, amplitude (as a percent of pre-drug baseline; Fig. 4C).

To determine if the HVA I¢c4 inhibition by JHU58 is voltage-dependent, we examined
whether application of a strongly depolarizing prepulse reverses the inhibition by JHU58. In
a paired-pulse protocol, a prepulse (+100 mV, 50 ms) was applied between two
depolarization test pulses as previously described (-60 mV to +10 mV, Fig. 4D).The
depolarizing prepulse may convert HVA calcium channels inhibited through the membrane-
delimited pathway from the “willing” to the “reluctant” mode. However, the prepulse did
not decrease the JHU58-induced HVA I, inhibition (Fig. 4E).

JHUS58 inhibition of HVA I¢4 in MrgA3-eGFP* DRG neurons does not involve G5 pathway

To block the G4 pathway, we pre-incubated neurons overnight with CTX (0.5 pg/mL)(Zhu
and lkeda, 1994). CTX was also included in the intracellular solution during patch clamp
recording. Compared to the control (vehicle of CTX, n=4), CTX significantly reduced the
inhibition of HVA I, by VIP (5 uM, n=9, Fig. 5A-C), suggesting that the toxin treatment
was effective. However, CTX did not reduce JHU58 (0.001-100 nM)-induced inhibition of
HVA Ic, (n=6-12/dose, one dose/neuron, Fig. 5C).

U73122 reduces pain inhibition by intrathecal JHU58

We next examined whether pain inhibition produced by intrathecal JHU58 injection is also
dependent on activation of the PLC pathway in vivo. At the peak to maintenance phase of
neuropathic pain (day 14-21 post-SNL), rats pretreated with vehicle (n=6) exhibited
significantly increased ipsilateral PWT at 30 min after JHU58 (0.1 mM, 15 pL) injection.
However, pretreatment of rats with an intrathecal injection of low-dose U73122 (1 ug/10 L,
n=6) blocked this JHU58-induced pain inhibition (Fig. 6A,B). U73122 at this dose did not
significantly affect PWT at 30 min post-injection, as compared to that of vehicle-treated rats.

DISCUSSION

Our previous studies suggested that MrgC agonists inhibit HVA I in DRG neurons and
attenuate synaptic transmission in superficial dorsal horn of mice (Li et al., 2014; He et al.,
2014b). These actions may contribute to the pain inhibitory effects of an MrgC agonist when
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it is delivered intrathecally (Chen et al., 2006; Guan et al., 2010a; He et al., 2014b). Yet,
how MrgC activation leads to inhibition of downstream HVA calcium channels remains an
open question. Here, we used pharmacologic approaches to show for the first time that
MrgC agonists inhibit HVA Ic, predominantly through G,q/11-dependent mechanisms, but
not through Gj or G5 pathways, in mouse DRG neurons. Additionally, we found that HVA
Ica inhibition is not voltage-dependent.

As has been shown in other neuronal types (Bean, 1989; Hille, 1994), we showed that HVA
calcium channels in mouse MrgA3-eGFP* DRG neurons may be modulated by various G-
protein-dependent mechanisms (G: morphine and DAMGO; Gq/11: JHU58; G5! VIP;
G, gallein). HVA calcium channels, especially the N-type, are important to producing the
heightened neurotransmitter release from central terminals of DRG neurons (Braunwald,
1982; Delmas et al., 2000; McGivern, 2006). Our previous study suggested that JHU5S8, an
MrgC agonist, selectively and dose-dependently inhibits N-type, but not L- or P/Q-type,
HVA calcium channels in DRG neurons (Li et al., 2014). Mu-opioid receptor agonists, such
as morphine, may inhibit spinal nociceptive transmission at least in part by inhibiting N-type
channels. Morphine acts predominantly through the G, pathway to exert this and other
intracellular effects (Surratt and Adams, 2005; Pan et al., 2008; Kanbara et al., 2014). In our
study, PTX, which inhibits the G pathway, reduced both morphine- and DAMGO-induced
inhibition of HVA Ic, in MrgA3-eGFP* DRG neurons. A previous study showed that
activation of exogenously expressed human MrgX1 receptors inhibited HVA ¢4 in rat DRG
neurons and that this effect was also dependent on the G,j pathway (Chen and Ikeda, 2004).
MrgC is a functional homolog of human MrgX1(Dong et al., 2001; Lembo et al., 2002), and
HVA calcium channels are important downstream molecular targets of the MrgC receptor.
Yet, our findings suggest that the G; pathway may not contribute to JHU58-induced
inhibition of HVA I, in MrgA3-eGFP* DRG neurons that co-express MrgC11, as the drug
effect was not reduced by PTX. The reason for the discrepancies in G4-protein coupling
between our finding and that of the previous study is unclear, but it is possible that MrgC11
and human MrgX1 modulate HVA calcium channels through different G, pathways, owing
to the species difference. We also do not know whether overexpression of exogenous
MrgX1 in rodent DRG neurons by recombinant adenoviruses might alter activation of G,
proteins or the coupling of G, proteins to downstream targets (e.g., calcium channels).
Finally, although MrgA3-eGFP™* neurons have facilitated our ability to record from
MrgC11-bearing DRG neurons, which were previously difficult to identify, it should be
noted that MrgC11 is also present in DRG neurons that do not co-express MrgA3 (Liu et al.,
2009). The G, protein that contributes to inhibition of HVA calcium channels after MrgC11
activation in these neurons remains to be determined (Han et al., 2013).

Our previous study showed that MrgC11, but not MrgA3 or other Mrg subtypes, is the
mouse receptor for JHU58 and is essential to JHU58-induced inhibition of HVA I¢,.
JHUS58 inhibited HVA I, in eGFP* DRG neurons of MrgA3-eGFP-wild-type mice, but not
in those from MrgA3-eGFP-Mrg mutant mice, which express only the reporter gene product
eGFP (Li et al., 2014). Further, PTX did not block the inhibition of HVA Ic; by BAMS8-22,
another potent agonist of MrgC and MrgX1, in Mrg mutant DRG neurons transfected with
MrgC11. However, the same PTX treatment significantly reduced the morphine- and
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DAMGO-induced inhibition of HVA I, in MrgA3-eGFP* neurons, suggesting that PTX
effectively blocked the G,; pathway. In contrast to PTX, a nonselective PLC inhibitor,
U73122, did block the inhibition of HVA I, by JHUS8. We further characterized the role
of the PLC pathway in JHU58-induced inhibition of HVA ¢4 by testing U73343 and
m-3M3FBS. U73343, an inactive analogue of U73122, did not block the inhibitory effects
of JHU58 on HVA Ic,, whereas m-3M3FBS, a PLC activator that stimulates Ca2* release
and inositol phosphate formation in the cell, reduced HVA Ic,. Together, these findings
suggest that activation of PLC by MrgC agonism may lead to inhibition of HVA calcium.
Importantly, intrathecal injection of low-dose U73122, which by itself did not significantly
affect animal pain behavior, blocked JHU58-induced inhibition of mechanical
hypersensitivity in rats after nerve injury. A previous study showed that intrathecal injection
of low-dose U73122 also attenuated the analgesia induced by intrathecal injection of a delta-
opioid receptor agonist (Narita et al., 2000). Our findings suggest that the pain inhibition by
intrathecal JHU58 is dependent on activation of the PLC pathway. Nevertheless, we cannot
rule out the possibility that, in our experimental setting, the effect of U73122 in vivo may
also involve an unknown postsynaptic mechanism, such as modulation of dorsal horn
neurons (Narita et al., 2000; Shi et al., 2008). Details regarding involvement of the PLC-I1P3
pathway in MrgC agonist-produced cellular effects still need to be determined. Future
studies may examine whether inhibiting other downstream effectors of the Gq/11 pathway,
such as by depleting the intracellular calcium store with thapsigargin and blocking IP3
receptor with heparin, also reduce JHU58-induced inhibition of HVA I¢,, as U73122 does.
However, in our experimental setting, 14 fluctuates substantially in neurons treated with
thapsigargin or heparin, thereby preventing us from examining their effects on JHU58-
induced inhibition of HVA Ic,. Nevertheless, the molecular mechanisms that underlie
Gag/r1-mediated modulation of HVA calcium channels in DRG neurons warrant future
study.

We also examined the role of G5 and Gg, in JHU58-induced inhibition of HVA Ic,.
Inhibiting G5 with CTX did not block JHU58-induced inhibition of HVA I¢,. Although
acute treatment with the Gg,, blocker gallein partially reduced the inhibition of HVA Ic, by
JHUS58 from pre-JHU58 level, gallein itself gradually decreased HVA Ic; amplitude without
showing a recovery before JHU58 testing. Under these conditions, it is difficult to interpret
the role of Gg, in MrgC agonism-induced inhibition of HVA Ic,, which may be complex.
Thus, additional studies are required. Finally, we tested whether the inhibition of HVA I¢,
after MrgC activation might also occur through voltage-dependent pathways. However, this
was apparently not the case, as the effect of JHU58 was not reduced by a strong depolarizing
prepulse.

Modulation of HVA calcium channels via G-protein-coupled receptor represents an
important mechanism for regulating neurotransmitter release and synaptic plasticity. The
reduction of HVA Ic, after activation of MrgC receptors may be an important cellular
mechanism that leads to pain inhibition. Our previous studies showed a decrease in the
frequency but not the amplitude of mEPSC in substantia gelatinosa neurons in the presence
of MrgC agonists (He et al., 2014b). Further, we observed an increase in the paired-pulse
ratio and a decrease in the amplitude of evoked-EPSCs after MrgC agonist treatment (Li et
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al., 2014). These findings indicate that excitatory presynaptic transmission is depressed in
the substantia gelatinosa, perhaps by a reduction in the probability of glutamate release from
the primary afferent terminals. Nevertheless, mechanisms for MrgC agonist-induced pain
inhibition in vivo remain largely unclear, especially under pathologic pain conditions.

Nerve injury may induce complex changes in the signaling pathway that elicits MrgC
agonism-induced pain inhibition. For example, after an L5 SNL, MrgC expression is
upregulated in neurons at the uninjured L4 DRG that transmits afferent sensory inputs from
the periphery (He et al., 2014a). Additionally, N-type calcium channel expression is
increased in chronic pain conditions (Luo et al., 2002) and may contribute to sustained
neuronal firing and enhanced neurotransmitter release into spinal cord (Braunwald, 1982;
Delmas et al., 2000; McGivern, 2006). It is possible that MrgC signals through two
opposing pathways (G and Gq/11) and hence causes different cellular effects (Han et al.,
2002). It remains to be determined if the G pathway contributes to MrgC agonism-induced
pain inhibition through other mechanisms, such as by inhibition of adenylyl cyclase. Future
studies are needed to examine whether G,j and Gq/11 coupling with MrgC changes after
tissue inflammation or nerve injury.

CONCLUSIONS

This study suggests that HVA calcium channels may be inhibited through a Gqg/11-
dependent mechanism by the activation of MrgC11 in native mouse DRG neurons. The
MrgC gene shares substantial homogeneity with the human MrgX1 gene(Dong et al., 2001;
Lembo et al., 2002; Zylka et al., 2003). Nevertheless, because of species differences, the
function of human homolog MrgX1 may not be fully inferred from studying rodent MrgC. It
is challenging to record from DRG neurons of nonhuman primates, which do express
MrgX1. Therefore, developing transgenic mice that express MrgX1 under the endogenous
MrgC11 promoter may be an alternative strategy that can provide critical insights about the
functions of MrgX1 in native DRG neurons.
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Fig. 1. Pertussis toxin (PTX) does not block JHU58-induced inhibition of high-voltage-activated
(HVA) calcium currents (Icg) in MrgA3-eGFP* wild-type DRG neurons

(A) Upper: Image of an MrgA3-eGFP* DRG neuron (arrow) visible in cell culture by co-
expressed green fluorescent protein. Lower: Traces of small low-voltage-activated (LVA)
Ica (80 to —40 mV) and large HVA Ic5 (=60 to 10 mV, 20 ms) evoked by depolarization
before and after bath application of JHU58 (100 nM). (B) MrgA3-eGFP* DRG neurons
were incubated overnight with PTX (left) or vehicle (control, right). The traces show HVA
Ica evoked by depolarization after bath application of JHU58 (100 nM) and morphine (100
nM), as well as HVA I, before drug treatment (baseline). (C) Time course of changes in
HVA I, amplitude after JHU58 and morphine in DRG neurons pretreated with PTX (left)
or vehicle (right). (D) Incubation of DRG neurons overnight with PTX (0.5 pg/ml)
significantly decreased the inhibition of HVA 4 by morphine (100 nM) but did not affect
the dose-dependent inhibition of HVA I, by JHU58 (0.001-100 nM, n=8-12/dose), as
compared to that in the control group. The number of neurons in each group is indicated in
the figure. Two-way ANOVA.
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Fig. 2. Pertussis toxin (PTX) does not reduce BAM8-22—-induced inhibition of high-voltage-
activated (HVA) calcium currents (Icg) in MrgCl1-transfected DRG neurons

(A) An MrgC11-transfected DRG neuron from an Mrg mutant mouse is visible by co-
expressed GFP in cell culture. (B) MrgC11 restored responsiveness of Mrg mutant DRG
neurons to BAM8-22, as measured by the ability of BAM8-22 to attenuate HVA lc,. Traces
show small low-voltage-activated (LVA) Ic; (=80 to —40 mV) and large HVA Ic5 (-60 to
10 mV, 20 ms) evoked by depolarization before (baseline) and after bath application of
BAMS-22 (3 uM). (C) BAMB8-22 (3 uM) induced similar peak inhibition of HVA I, in
MrgC1l1-transfected DRG neurons pretreated with PTX (0.5 pg/ml, n=12) and vehicle
(control, n=9). Paired t-test.
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Fig. 3. JHU58-induced inhibition of high-voltage-activated (HVA) calcium currents (Icg) in
MrgA3-eGFP* wild-type DRG neurons involves phospholipase C (PLC)-dependent mechanisms

(A) MrgA3-eGFP* DRG neurons were pretreated with U73122 (1 uM) or vehicle and then
treated with JHU58 (100 nM) by bath application. The traces show HVA I, at baseline and
after depolarization (=60 to 10 mV, 20 ms). (B) Time course of changes in HVA I,
amplitude after JHU58 (100 nM) in MrgA3-eGFP* DRG neurons pretreated with and
without U73122 (1 uM, bath application, 2 min). (C) Blocking the PLC pathway by acute
pretreatment with U73122 significantly reduced JHU58-induced inhibition of HVA I¢c4 in
MrgA3-eGFP* wild-type DRG neurons, as compared to that in vehicle-pretreated neurons.
Drug treatment groups were compared to vehicle control with two-way ANOVA. (D)
Upper: Sample traces of HVA I, before (baseline) and after bath application of JHU58
(100 nM), pretreatment with U73343 (an inactive analogue of U73122, 1 uM) followed by
bath application of JHU58, and bath application of m-3M3FBS (a PLC activator, 50 uM).
Cells were held at —60 mV and were depolarized to +10 mV for 20 ms to evoke HVA I¢;.
Lower: Quantification of HVA I, inhibition by JHU58, U73343-JHU58, and m-3M3FBS.
In each case, current inhibition was normalized to the pre-drug baseline. The number of
neurons in each group is indicated in the figure.
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Fig. 4. Effects of gallein and prepulse stimulation on JHU58-induced inhibition of high-voltage-
activated (HVA) calcium currents (Icg) in MrgA3-eGFP* wild-type DRG neurons

(A) MrgA3-eGFP* wild-type DRG neurons were treated with JHU58 (100 nM, bath
application) before and after acute treatment with a Gg, blocker (gallein, 100 uM, 2 min,
bath application). The traces show HVA I, at baseline and after depolarization (-60 to 10
mV, 20 ms). (B) Time course of changes in HVA Ic; amplitude induced by JHU58 applied
before and after acute treatment with gallein. Note that HVA I, amplitude gradually
decreased after gallein treatment. (C) Compared to that before gallein, JHU58-induced
inhibition of HVA I, (n=8) was reduced after gallein. Paired t-test. (D) A sample recording
trace of the paired-pulse protocol used to examine the voltage dependence of JHU58-
induced inhibition of HVA I¢c,. A prepulse (+100 mV, 50 ms) was inserted between two
depolarization test pulses as previously described (-60 mV to +10 mV). (E) Quantification
of HVA I, inhibition by JHU58 before and after the prepulse. HVA I, inhibition by
JHU58 was normalized to baseline values.
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Fig. 5. Cholera toxin (CTX) does not block JHU58-induced inhibition of high-voltage-activated
(HVA) calcium currents (Icg) in MrgA3-eGFP* wild-type DRG neurons

(A) MrgA3-eGFP* DRG neurons were pretreated with CTX (0.5 ug/ml) or vehicle (control).
The traces show HVA I, evoked by depolarization after bath application of JHU58 (100
nM) and vasoactive intestinal polypeptide (VIP, 5 uM). The trace of HVA I, before drug
treatment (baseline) is also shown. (B) Time course of changes in HVA Ic, amplitude after
application of JHU58 (100 nM) and VIP (5 uM) in neurons pretreated with CTX (0.5
pg/mL, left) or vehicle (right) overnight. (C) Incubation of neurons overnight with CTX
significantly decreased the inhibition of HVA 4 by VIP (5 uM) but did not affect the dose-
dependent inhibition of HVA I, by JHU58 (0.001-100 nM, n=6-12/dose), as compared to
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that of the control group. The number of neurons in each group is indicated in the figure.
Two-way ANOVA.
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Fig. 6. U73122 reduces JHU58-induced inhibition of neuropathic mechanical hypersensitivity
At 14-21 days after spinal nerve ligation, rats were administered a low dose of U73122 (1

ug/10uL, n=6) by intrathecal injection. (A) U73122 did not significantly change the
ipsilateral paw withdrawal threshold (PWT) at 30 min after injection, as compared to that
after vehicle treatment (n=6). However, U73122 pretreatment blocked pain inhibition by the
subsequent intrathecal injection of JHU58 (0.1 mM, 15 pL). The ipsilateral PWT at 30 min
after JHUS58 injection was significantly increased in animals that received vehicle
pretreatment, but not in those pretreated with U73122. (B) Contralateral PWT was not
significantly altered after drug treatment. One-way repeated measures ANOVA.
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