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NEUROSCIENCE

GPR39 regulated spinal glycinergic inhibition and

mechanical inflammatory pain

Hu-Hu Bai"z, Kang-Li Wang1, Xiang-Ru Zeng1, Jing Li‘, Yuan Li‘, Jia-Yu Xu1, Yue Zhang3,
Hai-Feng Jiang®, Xian Yang', Zhan-Wei Suo’, Xiao-Dong Hu'*

G protein—-coupled receptor 39 (GPR39) senses the change of extracellular divalent zinc ion and signals through
multiple G proteins to a broad spectrum of downstream effectors. Here, we found that GPR39 was prevalent at
inhibitory synapses of spinal cord somatostatin-positive (SOM™) interneurons, a mechanosensitive subpopulation
that is critical for the conveyance of mechanical pain. GPR39 complexed specifically with inhibitory glycine recep-
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tors (GlyRs) and helped maintain glycinergic transmission in a manner independent of G protein signalings. Tar-
geted knockdown of GPR39 in SOM™ interneurons reduced the glycinergic inhibition and facilitated the excitatory
output from SOM™ interneurons to spinoparabrachial neurons that engaged superspinal neural circuits encoding
both the sensory discriminative and affective motivational domains of pain experience. Our data showed that
pharmacological activation of GPR39 or augmenting GPR39 interaction with GlyRs at the spinal level effectively
alleviated the sensory and affective pain induced by complete Freund'’s adjuvant and implicated GPR39 as a prom-
ising therapeutic target for the treatment of inflammatory mechanical pain.

INTRODUCTION
Mechanical pain induced by tissue or nerve injury typically mani-
fests as an increased sensitivity to innocuous mechanical stimuli or
movement. The dorsal horn of spinal cord serves as a key site that
receives, integrates, and transmits the mechanosensory information
(1-3). The gate control theory of pain predicts that the primary af-
ferent low-threshold mechanoreceptors (LTMRs) send direct pro-
jection onto spinal mechanosensitive interneurons, through which
the innocuous input is anatomically linked to ascending pain path-
ways (2, 4, 5). This pre-existing neural circuit is silent under physi-
ological conditions due to the strong feedforward activation by
LTMRs of local GABAergic and/or glycinergic inhibitory interneu-
rons (I, 6, 7). Following tissue or nerve injury, the spinal inhibition is
reduced, which permits the excitatory output from mechanosensory
interneurons to projection neurons (1, 8). The somatostatin-positive
(SOM™) excitatory neurons represent a subset of mechanosensory
interneurons important for the conveyance of mechanosensory in-
formation to spinal projection neurons (9-11). The projection neu-
rons send afferents to thalamic nuclei for sensory discrimination
and to a variety of brainstem and telencephalic nuclei for processing
the affective component associated with body injury (12-15). The
genetic ablation of spinal SOM™ neurons blocks the mechanical al-
lodynia in both inflammatory and neuropathic pain conditions (10,
11). Although much progress has been made in our understanding
of the cellular and circuit mechanisms for sensory mechanotrans-
duction, the effective and safe treatment of chronic pain remains a
clinical challenge. For example, the current treatments for inflam-
matory pain are largely limited by side effects, such as the cardiovas-
cular effects associated with the long-term use of cyclooxygenase
inhibitors.

Divalent zinc ion (Zn*") is a well-established anti-inflammatory
agent that has long been known for pain relief (16, 17). In the nervous
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system, Zn>* is an important neuromodulator that is stored in the
synaptic vesicles of both excitatory and inhibitory neurons (18-21).
When coreleased with neurotransmitters into synaptic clefts, Zn**
binds to several ionotropic receptors, such as excitatory N-methyl-p-
aspartate (NMDA) subtype glutamate receptors (NMDARs) and in-
hibitory glycine receptors (GlyRs) (22). Synaptic Zn** also triggers
metabotropic signalings, a process that is ascribed to the activation of
G protein—-coupled receptor 39 (GPR39) (23). The Zn**_sensitive
GPR39 belongs to the ghrelin/neurotensin receptor family with a
high degree of constitutive activities toward Gog/11, Goti2/13, and Gas
proteins (24, 25). Promiscuous couplings to multiple G proteins en-
able GPR39 to integrate complex signaling networks that shape syn-
aptic strength and neuronal excitability. The widely distributed
GPR39 has been implicated in several psychiatric disorders (26).
Here, we found a specific interaction of GPR39 with inhibitory GlyRs
and revealed a G protein-independent mechanism by which GPR39
modulated the feedforward glycinergic input onto spinal SOM™ in-
terneurons. Our data showed that GPR39 gated the relay of mechano-
sensory information from SOM™ interneurons to spinoparabrachial
neurons (SPNs) and provided evidence that GPR39 might serve as a
promising target for the alleviation of mechanical pain.

RESULTS

Mechanical pain evoked by GPR39 knockdown in spinal
SOM" interneurons

To investigate the role of GPR39 in pain perception, we first conducted
behavioral assessments in global GPR39 knockout (GPR39_/ 7) mice.
There was no difference in the heat or cold nociceptive sensitivity be-
tween GPR39”~ and wild-type (WT) mice (fig. S1, A and B). The von
Frey test showed, however, that the thresholds for reflexive withdrawals
were significantly lower in GPR39™'~ mice relative to WT ones (fig. S1C),
indicating the hypersensitivity to punctate mechanical force in the ab-
sence of GPR39. To test whether GPR39 knockout evoked dynamic me-
chanical allodynia, we used a custom-made soft paintbrush to stroke the
plantar surfaces of hindpaws (11). Compared to WT controls, GPR39™~
mice displayed pronounced licking and guarding behaviors in response
to brush stimulation (fig. S1D).

10f17


mailto:huxxiaodong@​lzu.​edu.​cn

SCIENCE ADVANCES | RESEARCH ARTICLE

The dorsal horn of spinal cord is a key site for the integration and
transmission of mechanoreceptive signals. To characterize the lami-
nar distribution of GPR39 in the spinal cord of adult mice, we out-
lined the ventral inner layer of lamina II by labeling protein kinase
Cy-positive (PKCy*) interneurons. The outer and dorsal inner lay-
ers of lamina IT were marked by the central terminals of primary
sensory neurons positive for calcitonin gene-related peptide
(CGRP™) and isolectin B4 (IB4%), respectively (10). Most of the
GPR39-positive cells were localized dorsal to PKCy™ interneurons
and were intertwined with CGRP* and IB4" terminals (Fig. 1A).
Previous studies have detected GPR39 in the microglial cells in hu-
man and rat brains, which modulates neuroinflammation (27, 28).
In the spinal cords of mice, GPR39 was not coincident with astro-
cyte marker glial fibrillary acidic protein (GFAP) or microglia mark-
er OX-42 (Fig. 1B). We found that the expression of GPR39 was
confined to neuronal nuclei-positive (NeuN™) superficial dorsal
horn neurons (Fig. 1C). To validate the specificity of GPR39 anti-
body, we performed immunohistochemistry in GPR39™~ mice,
finding that GPR39 knockout completely diminished the GPR39
immunoreactive signals (Fig. 1C).

The spinal cord neuronal circuits transmitting mechanical pain
involve several mechanosensitive neuron subtypes, of which
somatostatin-positive (SOM*) excitatory interneurons are located
dorsal to PKCy™ neurons and are critical for both dynamic and stat-
ic allodynia (10, 11). Given that GPR39 deletion elicited the me-
chanical pain, we tested whether GPR39 was expressed in SOM™
interneurons. We labeled SOM™ neurons with tdTomato by crossing
SOM-Cre mice with Ai9 reporter mice (referred to as SOM-
tdTomato mice). Immunofluorescence showed that 77% of SOM™
neurons expressed GPR39 (Fig. 1D), and 41% of GPR39* neurons
were positive for tdTomato (n = 11 sections from three mice).

To test if GPR39 expressed in spinal SOM™ interneurons was re-
quired for pain modification, we targeted a Cre-inducible adeno-
associated virus (AAV) carrying short hair RNA (shRNA) against
GPR39 (AAV2/9-EF1a-DIO-shRNA-GPR39-EGFP) into the L4-L5
lumbar spinal cord segments of SOM-tdTomato mice to knock
down GPR39 (fig. S2A). The viral expression was restricted to the
spinal cord and was excluded from dorsal root ganglia (DRG)
(fig. S2B). The freely moving mice with specific GPR39 knockdown
in SOM™ interneurons exhibited a marked increase in spontaneous
licking behavior (Fig. 1E). No change of the locomotor activity was
seen after siRNA-GPR39 expression, as evidenced by the compara-
ble total traveling distance (Fig. 1F) and mean velocity (Fig. 1G) to
enhanced green fluorescent protein (EGFP) control mice. The von
Frey test showed that sShRNA-GPR39 caused a notable reduction of
the reflexive withdrawal thresholds in comparison to EGFP control
(Fig. 1H). Increasingly punctate forces also evoked attending (paw
guarding and licking) and escape behaviors (Fig. 1I). These pain be-
haviors were more prominent in GPR39 knockdown mice than
EGFP controls (Fig. 1I). We then measured the dynamic allodynia
and found the hypersensitivity of GPR39 knockdown mice to the
gentle stroking of the plantar surfaces of hindpaws with a paint-
brush (Fig. 1]). To test whether a negative valence was assigned to
the light touch when spinal SOM* interneurons were deficient in
GPR39, we performed a conditioned place aversion (CPA) assay.
The mice expressing shRNA-GPR39, but not EGFP control, dis-
played avoidance of the chamber where they received inescapable
brush stroking (Fig. 1K), suggesting that selective GPR39 knock-
down in SOM" interneurons enabled the light touch to recruit
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supraspinal circuits for aversive pain memory. In the Hargreaves
and acetone evaporative cooling tests, we did not detect notable
changes in the heat and cold sensitivities after GPR39 knockdown
(fig. S3), supporting the modality specificity of SOM™ interneurons
in the processing of sensory inputs.

Role of GPR39 in feedforward glycinergic inhibition of

SOM™ interneurons

To investigate how GPR39 modulated pain transmission, we re-
corded the miniature excitatory postsynaptic currents mediated by
AMPA receptors (AMPAR-mEPSCs) on SOM™ interneurons at
day 21 after intraspinal injection of AAV2/9-EF1a-DIO-shRNA-
GPR39-EGFP in SOM-Cre mice. The results showed that GPR39
knockdown did not affect the amplitudes and frequencies of
AMPAR-mEPSCs when compared to EGFP control (fig. S4A). The
dorsal root-evoked EPSCs (eEPSCs) mediated by NMDA receptors
(NMDAR-eEPSCs) were also comparable between neurons ex-
pressing EGFP and shRNA-GPR39 (fig. S4B). We then recorded
the miniature inhibitory postsynaptic currents mediated by y-
aminobutyric acid type A (GABA,) receptors (GABAR-mIPSCs).
Again, no difference was found in GABAergic synaptic responses
between EGFP and shRNA-GPR39 neurons (fig. S4C). GlyR is an-
other inhibitory receptor that gates mechanical pain transmission
(1). Our data showed that GPR39 knockdown significantly reduced
the amplitudes of GlyR-mIPSCs (Fig. 2A), while the frequencies of
GlyR-mIPSCs, a readout of presynaptic release probability, were
unaltered (Fig. 2A). These results implied that inhibitory GlyRs
were the specific target for GPR39 regulation. To examine whether
GPR39 was present at inhibitory synapses, we labeled SOM™" inter-
neurons by injecting AAV2/9-EF1a-DIO-EGFP into the lumbar
spinal cords of SOM-Cre mice and performed double immunofluo-
rescence for GPR39 and inhibitory postsynaptic marker gephyrin
(Fig. 2B). The GPR39 immunoreactivity was detected in 57% of
gephyrin® synapses (n = 5 sections from two mice), and 67% of
GPR39* puncta were coincident with gephyrin immunosignals
(Fig. 2B).

To test if the loss of glycinergic inhibition after GPR39 ablation
caused the hyperexcitability of SOM™ neurons, we elicited the ac-
tion potentials (APs) by depolarizing current injections under the
whole-cell current-clamp configuration. The neurons we recorded
exhibited either the delayed- or bursting-firing pattern at the hold-
ing membrane potential of —60 mV (Fig. 2C) (10, 29). Compared to
EGFP control, GPR39 knockdown led to a notable increase in the
AP firing frequencies of SOM* interneurons (Fig. 2C). Meanwhile,
GPR39 knockdown reduced the rheobase (Fig. 2D), increased the
membrane resistance (Fig. 2E), and shifted the resting membrane
potential to be more positive (Fig. 2F), suggesting that GPR39 was
tonically active in the negative control of SOM™ neuron excitability.

The low-threshold p-amyloid (Ap) fiber input has been shown
to elicit the excitation and feedforward inhibition of SOM™ inter-
neurons (Fig. 2G) (10, 11). Disinhibition in the context of chronic
pain conditions is proposed as a key mechanism by which Ap af-
ferents drive the excitatory output from SOM" interneurons to
spinal cord nociceptive circuits leading to mechanical allodynia
(10, 11). Given the necessity of GPR39 for normal glycinergic
transmission, we sought to examine the responses of SOM™ neu-
rons to AP fiber input in the absence of GPR39. The electrical
stimulation of dorsal roots at A fiber strength (25 pA) evoked the
excitatory postsynaptic potentials in EGFP-expressing control
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Fig. 1. GPR39 knockdown in spinal cord SOM™ interneurons evoked mechanical pain in mice. (A) Double immunofluorescence for GPR39 (red) and PKCy, CGRP, or
IB4 (green) in spinal sections. Scale bar,20 pm. (B) Immunofluorescence for GPR39 (red) and astrocyte marker GFAP or microglia marker OX-42 (green). Scale bar, 20 pm.
(C) Immunostaining of GPR39 (red) and NeuN (green) in spinal sections from WT and GPR39™"~ mice. Scale bar, 20 pm. (D) Spinal sections from SOM-tdTomato mice show-
ing tdTomato (red) and GPR39 signals (green). Scale bar, 50 pm. (E) Spontaneous licking activities of mice with spinal SOMT interneurons transfected with AAV2/9-EF1a-
DIO-EGFP [enhanced green fluorescent protein (EGFP)] or AAV2/9-EF1a-DIO-shRNA-GPR39-EGFP (shRNA). *##P < 0.001 (Mann-Whitney U test, n = 10 mice per group).
(F and G) Traveling distance [F; ns (not significant), P = 0.113, Mann-Whitney U test] and mean velocity (G; ns, P = 0.387, Mann-Whitney U test) of mice with spinal SOM*
interneurons expressing EGFP or shRNA (n = 10 mice per group). (H and 1) Reflexive withdrawal thresholds (H; *P = 0.035, Mann-Whitney U test, n = 10 mice per group)
and attending/escape behaviors to von Frey filament stimuli (I; **P = 0.002 and ***P < 0.001, Mann-Whitney U test, n = 8 mice per group). (J) Brush-evoked pain
responses. **#P < 0,001 (Mann-Whitney U test; n = 10 mice per group). (K) Brushing evoked conditioned place aversion (CPA) in mice with spinal SOM* neurons express-
ing shRNA but not EGFP control (n = 10 mice per group). ***P < 0.001 (ty = 7.085, paired Student'’s t test) and ###P < 0.001 (Mann-Whitney U test).
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Fig. 2. GPR39 was integral to normal glycinergic input onto SOM™ interneurons. (A) GlyR-mIPSCs recorded on SOM* interneurons at day 21 after intraspinal injection
of AAV2/9-EF1a-DIO-EGFP (EGFP) or AAV2/9-EF 1a-DIO-shRNA-GPR39-EGFP (shRNA) in SOM-Cre mice. *##P < 0.001 and ns, P = 0.605 (Mann-Whitney U test). n =9 neurons
from six mice per group. (B) Immunofluorescence for GPR39 and gephyrin at day 21 after intraspinal injection of AAV2/9-EF1a-DIO-EGFP in SOM-Cre mice. The boxed area
(top) was shown with higher magnification (bottom). The arrow indicated the colocalization. Scale bars, 5 pm (top) and 2 pm (bottom). (C) Current-clamp recordings of AP
firings elicited by depolarizing current injections in SOM* interneurons expressing EGFP or shRNA (left). The firing frequencies at all current injection levels were quanti-
fied (right). F23 874 = 6.909, ***P < 0.001 (repeated measurement). n = 20 neurons from 10 mice per group. (D to F) Rheobase (D, ***P < 0.001, Mann-Whitney U test,n =12
neurons per group), membrane resistance (E, *P = 0.014, Mann-Whitney U test, n = 9 neurons per group), and resting membrane potential (F; **P = 0.002, Mann-Whitney
U test, n = 11 neurons per group) of SOM™ interneurons expressing EGFP or shRNA. (G) Current-clamp recordings of AP firings evoked by electrical stimulation of dorsal
roots at B-amyloid (Ap) fiber intensity (25 pA) on SOM* neurons expressing EGFP or shRNA before and after strychnine (2 uM) perfusion. *#P = 0.003 (y2 = 8.925) and
##P = 0.009 (x2 = 6.832), Pearson’s chi-square test. In, inhibitory neurons.
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neurons at resting membrane potentials (10, 11). However, only
11.1% (2 of 18) of the recorded control SOM" interneurons fired
APs in response to Ap fiber activation (Fig. 2G). When glycinergic
inhibition was removed by bath perfusion of GlyR-selective an-
tagonist strychnine (2 pM), the AP fiber stimulation evoked AP
discharge in 57.1% (12/21) of EGFP neurons (Fig. 2G), suggesting
a critical role of feedforward glycinergic inhibitory input in the
control of AP output from SOM* neurons. Next, we knocked
down GPR39 in SOM™ neurons. In this case, 48.3% (14 of 29) of
the recorded neurons responded to A fiber stimulation with AP
firings (Fig. 2G), a proportion significantly higher than that ob-
served in EGFP control neurons (Fig. 2G). With GPR39 knock-
down, bath strychnine application failed to cause a further increase
in the percentage (52.6%; 10 of 19) of neurons with AP output
(Fig. 2G). These results indicated an important role of GPR39 in
the gating of touch-sensitive Ap fiber input to SOM™ interneurons
that relay mechanical allodynia.

Inhibition by GPR39 of glutamatergic output from SOM™*
interneurons to spinoparabrachial projection neurons

The activation of SOM™* interneurons has been implicated in the
recruitment of SPNs, a spinal neural circuit that engages the brain
regions encoding the affective dimension of pain experience (9,
13, 14). To test if SOM" interneurons directly synapsed onto
SPNs, we injected a Cre-dependent viral construct AAV2/9-
EF1a-DIO-ChR2(H134R)-mCherry to the dorsal horn of SOM-
Cre mice and performed the whole-cell voltage-clamp recordings
on the lamina I SPNs that were labeled through the injection of
retrograde tracer cholera toxin subunit-B 488 (CTB-488) into the
lateral parabrachial nuclei (Fig. 3A). Photoactivation of SOM™
neuron axon terminals eEPSCs in the SPNs (Fig. 3B). In 5 of the
11 recorded neurons, the synaptic currents were blocked by bath
application of tetrodotoxin (T'TX; 1 uM) and rescued by superim-
posing 4-aminopyridine (100 pM; Fig. 3B), suggesting a mono-
synaptic contact between SOM™ neurons and SPNs. In six of the
recorded SPNs, the light-eEPSCs were eliminated by TTX but
could not be rescued by 4-aminopyridine (Fig. 3C), indicating a
polysynaptic transmission from SOM* interneurons to SPNGs.

To investigate whether GPR39 influenced the excitatory output
from SOM™ interneurons to SPNs, we virally expressed ShRNA-
GPR39 in SOM™ interneurons and recorded spontaneous EPSCs
(sEPSCs) on lamina I SPNs. Compared to EGFP control, specific
GPR39 knockdown in SOM™ interneurons increased the frequen-
cies of SEPSCs with the sEPSC amplitudes unaltered (Fig. 3D), sug-
gesting that SOM™ interneurons became an important source of
excitatory input onto SPNs once GPR39 was deleted. We then re-
corded spontaneous firings of SPNs at resting membrane potentials
(Fig. 3E). Compared to EGFP control, selective GPR39 knockdown
in SOM" interneurons enabled SPNs to generate spontaneous AP
output in a higher rate (Fig. 3E). In agreement with these results,
GPR39 deletion in SOM™* interneurons increased the expression of
c-fos, a proxy for neuron activation, in SPNs that were labeled by
injecting retrograde tracer CTB-555 into the lateral parabrachial
nuclei (Fig. 3F). Meanwhile, the number of c-fos™ neurons in the
lateral parabrachial nuclei was also higher after GPR39 knockdown
in spinal SOM™* interneurons when compared to EGEP control
(Fig. 3G). These data suggested that GPR39 negatively controlled
the synaptic transmission from SOM" interneurons to ascending
supraspinal pain pathways.
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Direct interaction between GPR39 and GlyR

The specificity of GPR39 in regulating GlyR currents prompted us to
test if there was a direct interaction between these two proteins. To this
end, the proximity ligation assay (PLA) was performed in EGFP-
labeled SOM™ interneurons in slices from L4-L5 spinal segments. The
PLA detection of GPR39-GlyR a1 proximity produced dense punctate
signals in SOM™ interneurons (Fig. 4A), and these PLA signals were
invisible if GlyR al antibody was omitted (fig. S5A), suggesting that
endogenous GPR39 complexed with GlyR ol under normal condi-
tions. The complex formation between GPR39 and GlyR a1 required
the presence of extracellular Zn** because a cell-impermeable Zn**
chelator Ca-EDTA (25 nmol), when spinally given before PLA detec-
tion, significantly reduced the punctate signals (Fig. 4A). To further
investigate the dynamics of GPR39-GIyR ol complex under patho-
logical pain condition, we injected complete Freund’s adjuvant (CFA)
into the plantar surfaces of hindpaws to model the inflammatory pain.
Compared to saline control, CFA injection decreased the PLA signals
in spinal SOM™ interneurons (Fig. 4B). Intrathecal application of exog-
enous Zn** (20 nmol) resumed the PLA signals in inflamed mice, con-
solidating the role of Zn** in GPR39-GlyR al complex formation
(Fig. 4B). Because Zn** simultaneously modulates GlyR al activity
(30, 31), we next selected a GPR39-specific agonist TC-G 1008 (N-[3-
chloro-4-[[[2-(methylamino)-6-(2-pyridinyl)-4-pyrimidinyl] amino]
methyl]phenyl]methanesulfonamide) (32, 33). Spinal treatment with
TC-G 1008 (50 pmol) led to a similar rescue of the PLA puncta as with
Zn** (Fig. 4B). Peripheral inflammation or spinal Zn** and TC-G
1008 application did not affect the total protein levels of GPR39 and
GlyR al (fig. S6), excluding the possibility that the altered protein ex-
pression affected the PLA signal dynamics.

To confirm the direct interaction of GPR39 with GlyR a1, we con-
ducted glutathione S-transferase (GST) pull-down assay in vitro. The
intracellular large loop (ILL) of GlyR a1 (GlyR al-ILL), a structural
motif critical for the recruitment of intracellular signaling compo-
nents (34), pulled down Flag-tagged GPR39 (Flag-GPR39) from the
lysates of transfected human embryonic kidney (HEK) 293T cells
(Fig. 4C). By comparison, the corresponding loop of GlyR a3 subunit
(GlyR a3-ILL), another GlyR isoform involved in pain modification
(35), failed to precipitate Flag-GPR39 (Fig. 4C). The ILL of GlyR f
subunit (GlyR B-ILL), which is important for the synaptic trafficking
of GlyRs (36-38), also failed to pull down Flag-GPR39 (Fig. 4D).
With regard to the GPR39 region responsible for GlyR al binding,
we identified the extreme carboxyl tail of GPR39 (GPR39ct) that im-
munoprecipitated GlyR al from the lysates of transfected HEK293T
cells (Fig. 4E). As a control, the third intracellular loop (IL3) of
GPR39 (GPR39-1L3) did not interact with GlyR a1 (Fig. 4E).

G protein-independent reversal by GPR39 of
inflammation-induced glycinergic disinhibition

CFA injection reduces spinal cord glycinergic neurotransmission
that subserves the inflammatory pain (39). Given the intimate rela-
tionship between GPR39 and GlyRs, we wanted to know if GPR39
played a role in glycinergic disinhibition after peripheral inflamma-
tion. In acute spinal slices prepared from SOM-tdTomato mice at
day 1 after CFA injection, bath perfusion of GPR39 agonist TC-G
1008 dose-dependently potentiated the glycinergic synaptic trans-
mission onto SOM* neurons (Fig. 5A). This synaptic potentiation
by TC-G 1008 was dependent on GPR39 because it was compro-
mised in GPR39™~ (fig. S7A) or shRNA-GPR39—expressing mice
(fig. S7B). Comparison of paired-pulse ratios of GlyR-evoked IPSCs
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Fig. 3. GPR39 controlled the glutamatergic output from SOM™* interneurons to SPNs. (A) Schematic of CTB-488 that was injected to the lateral PBN (IPBN) and AAV
carrying ChR2 that was injected to the spinal cord of SOM-Cre mice. (B) Monosynaptic EPSCs evoked by blue light (473 nm, 5 mW, 2 ms, 0.1 Hz) on CTB-488-labeled SPNs
before [baseline (BL)] and after sequential application of TTX (1 pM) and 4-aminopyridine (4-AP; 100 uM). *P = 0.019 and #P = 0.031 (Mann-Whitney U test). (C) Polysyn-
aptic EPSCs evoked by the blue light on CTB-488-labeled SPNs. *P = 0.011 (Mann-Whitney U test). (D) Spontaneous EPSCs (sEPSCs) recorded on SPNs at day 21 after in-
traspinal injection of AAV2/9-EF1a-DIO-EGFP (EGFP) or AAV2/9-EF1a-DIO-shRNA-GPR39-EGFP (shRNA) in SOM-Cre mice. ns, P = 0.387 and **P = 0.003 (Mann-Whitney U
test). n = 9 neurons from six mice per group. (E) Spontaneous AP firings recorded on SPNs with EGFP or shRNA expression in SOM* interneurons. **P = 0.002 (Mann-
Whitney U test). n = 7 neurons from six mice per group. (F and G) Immunofluorescence for c-fos in the spinal cord (F) and IPBN (G) with EGFP or shRNA expressed in spinal
SOM™ interneurons of SOM-Cre mice. CTB-555 was injected in IPBN to label SPNs (red; F). *#P = 0.002 and ***P < 0.001 (Mann-Whitney U test). n = 6 sections from five
mice per group (F) and n = 10 sections from six mice per group (G). Scale bar, 100 um. DAPI, 4',6-diamidino-2-phenylindole.

responses. It was noteworthy that in the slices from naive SOM-
tdTomato mice, the activation of GPR39 by TC-G 1008 yielded neg-
ligible effects on GlyR-eIPSCs (Fig. 5C), a result in contrast to the
marked decline of glycinergic currents after GPR39 knockdown

(eIPSCs) showed no notable changes before and after TC-G 1008
exposure (Fig. 5B), suggesting a postsynaptic origin. This result was
confirmed by immunohistochemical experiments showing that the
axon terminals of spinal inhibitory neurons scarcely expressed

GPR39 (fig. S8). TC-G 1008 did not affect the dorsal root-eEPSCs
mediated by AMPAR and NMDAR as well as GABA,R-eIPSCs
(fig. S9), confirming the specificity of GPR39 in regulating GlyR

Bai et al., Sci. Adv. 10, eadj3808 (2024) 2 February 2024

(Fig. 2A). Presumably, the GPR39-GlyR al complex formation in
the physiological state was sufficient to maintain the glycinergic
inhibition.
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Fig. 4. Activity-dependent regulation of GPR39-GlyR a1 complex in spinal cord SOM* interneurons. (A) PLA detection of GPR39-GlyR a1 complex in EGFP-labeled
SOM™ interneurons from spinal sections of SOM-Cre mice treated with or without Ca-EDTA (25 nmol). ***P < 0.001 (Mann-Whitney U test). n = 20 neurons from three mice
per group. Scale bar, 10 pm. (B) PLA detection of GPR39-GlyR a1 complex in spinal sections from control or CFA-injected SOM-Cre mice that were pretreated with intrathe-
cal Zn?* (20 nmol) or TC-G 1008 (50 pmol). ***P < 0.001 (Kruskal-Wallis test). n = 20 neurons from three to four mice per group. Scale bar, 10 pm. (C) GST-fused ILL of GlyR
al (GST a1-ILL) pulled down Flag-tagged GPR39 (Flag-GPR39) from transfected HEK293T cells. GST-fused ILL of GlyR a3 (GST-a3-ILL) was used as control. Total cell lysates
(TCLs) were immunoblotted for Flag. n = 3 experiments. (D) GST-fused ILL of GlyR p (GST--ILL) did not pull down Flag-GPR39. n = 3 experiments. (E) HA-tagged extreme
C-terminal tail of GPR39 (HA-GPR39ct), but not the third intracellular loop (IL3) of GPR39 (HA-GPR39-IL3), co-immunoprecipitated (co-IP) Myc-tagged GlyR a1 from trans-
fected HEK293T cells. n = 3 experiments.
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Fig. 5. Activation of GPR39 potentiated glycinergic transmission in CFA-injected SOM-tdTomato mice. (A) Effects of TC-G 1008 on GlyR-elPSCs recorded on SOM*
interneurons at day 1 after CFA injection (10- to 15-min post-drug: 10 nM, 101.7 + 4.4% of baseline, t;; = 0.25, P = 0.807; 100 nM, 134.2 + 4.4% of baseline, t;; = 6.711,
P <0.001;500 nM, 157.1 + 4.7% of baseline, t;; = 10.836, P < 0.001; paired Student'’s t test, n = 12 neurons per group). The horizontal bar indicated the period of TC-G 1008
perfusion. The original traces were taken at the time points indicated by the numbers 1 to 3. (B) Effects of TC-G 1008 (500 nM) on the paired-pulse ratios of GlyR-elPSCs
recorded at day 1 after CFA injection. t;; = 1.312; ns, P = 0.216 (paired Student’s t test). n = 12 neurons. (C) TC-G 1008 did not affect GlyR-eIPSCs in spinal slices from naive
SOM-tdTomato mice (10- to 15-min post-drug: 101.8 + 7.7% of baseline, to = 0.533, P = 0.607, paired Student’s t test, n = 10 neurons). (D) TC-G 1008 potentiated GlyR-
elPSCs in spinal slices from CFA-injected SOM-tdTomato mice when the recording pipettes contained 500 pM GDP--S (10- to 15-min post-drug, 135.9 + 10.5% of baseline,
to=3.76, P = 0.004, paired Student’s t test, n = 10 neurons). (E) Viral expression of GPR39ct in SOM™ interneurons blocked the decrease of GlyR-mIPSC amplitudes induced
by CFA. ###P < 0.001, **P = 0.002, and *P = 0.033 (one-way ANOVA and post hoc Bonferroni test). n = 10 neurons per group.

GPR39 signals through several G proteins to a wide range of sig-
naling cascades that generate metabolic cellular responses (24, 25). To
test if G protein signalings were necessary for GPR39 to potentiate the
glycinergic responses, we blocked G proteins by loading nonhydro-
lyzable guanosine diphosphate (GDP) analog guanosine 5'-O-(2'-
thiodiphosphate) (GDP-f-S) (500 pM) through the recording pipettes
to SOM™ interneurons of CFA-injected SOM-tdTomato mice. The
results showed that GDP--S failed to block TC-G 1008 from increas-
ing the amplitudes of GlyR-eIPSCs (Fig. 5D). Glycinergic potentia-
tion was also elicited by TC-G 1008 when the downstream effectors of

Bai et al., Sci. Adv. 10, eadj3808 (2024) 2 February 2024

Gg/11> Gs, or Gy/13 were manipulated by intracellular loading of phos-
pholipase C inhibitor U73122 (10 pM), PKC inhibitor chelerythrine
(10 pM), phosphatidylinositol 3-kinase inhibitor wortmannin (0.2 pM),
mitogen-activated protein kinase kinase inhibitor U-0126 (5 pM), cy-
clic adenosine 3’,5'-monophosphate-dependent protein kinase in-
hibitor H-89 (5 pM), or Rho-associated protein kinase inhibitor
Y-27632 (10 pM; fig. S10, A to F). GPR39 activation can induce intra-
cellular Ca®* release to trigger metabotropic pathways (40). Neverthe-
less, the chelation of intracellular Ca?* with 1,2-bis(2-aminophenoxy)
ethane-N,N,N',N'-tetraacetic acid (BAPTA) (10 mM) did not prevent
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the potentiation of GlyR-eIPSCs by TC-G 1008 (fig. S10G). Viral ex-
pression of GPy sequester, the C-terminal tail of f-adrenergic receptor
kinase (BARK1ct), also failed to prevent TC-G 1008 from augmenting
GlyR-eIPSCs (fig. SI0H). These results suggested that the G protein
signalings were dispersible for GPR39 to regulate the glycinergic
currents.

Our GST pull down assays have detected that the extreme car-
boxyl tail of GPR39 mediated the binding to GlyR a1 (Fig. 4E). On
the basis of the observations that CFA-induced dissociation of
GPR39-GlyR al complex (Fig. 4B) correlated with glycinergic dis-
inhibition and that TC-G 1008 treatment in CFA mice resumed the
complex formation (Fig. 4B) and glycinergic transmission (Fig. 5A),
we assumed that this direct complex formation might regulate
the glycinergic currents. To test this hypothesis, we infused a
Cre-inducible AAV carrying the extreme carboxyl tail of GPR39
(AAV2/9-EF1a-DIO-GPR39ct-EGFP) to the dorsal horn of SOM-
tdTomato mice (fig. S11) before CFA injection. Electrophysiological
recordings on SOM™ interneurons showed that peripheral inflam-
mation decreased both the amplitudes and frequencies of GlyR-
mIPSCs (Fig. 5E). Viral expression of GPR39ct polypeptide enhanced
the amplitudes of GlyR-mIPSCs, with the frequencies left unaltered
(Fig. 5E). These data corroborated that GPR39 regulated glycinergic
synaptic transmission through direct interaction with GlyRs rather
than G protein signalings.

Modulation of GlyR a1 tyrosine phosphorylation by GPR39
The GPR39ct polypeptide interacted directly with the ILL of
GlyR al, a structural motif that harbors putative phosphorylation
residues implicated in the activity-dependent modification of gly-
cinergic efficacy (34, 41). Although a series of serine/threonine pro-
tein kinases were negligible for GPR39 to potentiate the glycinergic
currents (fig. S10, A to F), we observed a marked decrease of GlyR
al tyrosine phosphorylation in spinal cord dorsal horn of GPR39™~
mice relative to WT controls (Fig. 6A). A tyrosine residue (Tyr’>)
within the ILL of GlyR a1 was the unique site for tyrosine phosphoryl-
ation because mutation of Tyr**® to phenylalanine [GlyR a1(Y339F)]
completely abolished the phosphorylation signals (Fig. 6B). In
HEK293T cells cotransfected with GPR39 and GlyR a1, TC-G 1008
treatment significantly potentiated the whole-cell currents evoked
by puff applied glycine (Fig. 6C). This potentiation was, however,
eliminated by Tyr’ mutation (Fig. 6C), suggesting that Tyr’*
phosphorylation represented a key mechanism for GPR39 to en-
hance GIyR al currents.

To examine the tyrosine phosphorylation of GlyR al in SOM*
interneurons, we performed in situ PLA assay in spinal sections
using a pair of antibodies against GlyR al and phosphotyrosine
(PY20). The SOM™ interneurons were labeled by injecting AAV2/9-
EF1a-DIO-EGFP into the lumbar spinal cords of SOM-Cre mice.
The fluorescent PLA signals appeared as discrete puncta within
EGFP-positive neurons (Fig. 6D). No signals were detected when
GIyR a1 antibody was omitted (fig. S5B), suggesting the specificity
of PLA detection of the phosphotyrosine residue on GlyR al. The
tyrosine phosphorylation of GlyR al required the presence of
GPR39 because the PLA (GlyR al + PY20) puncta were substan-
tially reduced when GPR39 was knocked down by viral expression
of sShRNA-GPR39 in SOM™ interneurons (Fig. 6D).

To test whether GPR39 maintained GlyR o1 tyrosine phosphoryl-
ation through direct interaction, we disrupted GPR39-GlyR al
complex by intraplantar CFA injection that preserved the expression
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level of each protein (fig. S6). One day after CFA injection, the num-
ber of PLA (GlyR al + PY20) puncta in SOM™ interneurons de-
clined sharply in comparison to saline control (Fig. 6E). The
GPR39ct polypeptide, when expressed in SOM™* interneurons,
blocked the decline of PLA signals (Fig. 6E), suggesting that the in-
tracellular carboxyl tail of GPR39 was sufficient to prevent GlyR ol
from dephosphorylation.

A number of protein tyrosine phosphatases (PTPs) have been
detected in spinal cord dorsal horn, which contribute to the devel-
opment of pathological pain (42, 43). We assumed that the func-
tional significance of GPR39-GlyR a1l complex formation was likely
to block PTPs from dephosphorylating GlyR al. The PLA assays
showed that spinal treatment with PTP inhibitor Bpv (phen) re-
versed the decrease of GlyR al tyrosine phosphorylation caused by
GPR39 knockdown (Fig. 6D), suggesting that GPR39 deficiency en-
abled PTPs to catalyze GlyR al dephosphorylation. In support of
this, the Bpv treatment rescued the glycinergic transmission on
SOM™ interneurons (Fig. 6F) and suppressed the spontaneous lick-
ing behavior caused by GPR39 knockdown (Fig. 6G).

Inhibition of mechanical pain by enhanced GPR39 activity

To test if the reinstatement of glycinergic inhibition by GPR39
activation correlated with the pain relief, we carried out a series of
behavioral assessments in CFA mice. Intrathecal application of
TC-G 1008 for 60 min elevated the reflexive withdrawal thresh-
olds (Fig. 7A) and mitigated the guarding, licking and escape be-
haviors evoked by von Frey filament application in CFA mice
(Fig. 7B). TC-G 1008 also attenuated the dynamic inflammatory
allodynia, as tested by brush stroking of the plantar surfaces of
hindpaws (Fig. 7C). The hypersensitivity of inflamed mice to heat
or cold stimulation was refractory to TC-G 1008 treatment
(fig. S12).

We next examined the effect of TC-G 1008 on spontaneous
pain, which was manifest as voluntary licking of the CFA-
injected paws (Fig. 7D). TC-G 1008 (50 pmol), when spinally
applied for 60 min, significantly attenuated the spontaneous
licking behavior (Fig. 7D). The influence of GPR39 on pain
aversion was evaluated in a conditioned place preference (CPP)
paradigm. A single TC-G 1008 delivery to the spinal cords of
inflamed mice drove preference for the drug-paired chamber,
whereas spinal saline treatment lacked this effect (Fig. 7E).
These data suggested that GPR39 activation attenuated the tonic
aversive state of inflamed mice. Different from the CFA mice,
the naive mice showed no preference for the chamber paired
with TC-G 1008 (fig. S13).

Clinically, the neuropathic pain is more difficult to treat than
inflammatory pain. We then tested whether TC-G 1008 had an
analgesic action in the spared nerve injury (SNI) model of neuro-
pathic pain. Our data showed that intrathecal application of TC-G
1008 elevated the paw withdrawal thresholds (fig. S14A) and in-
hibited the attending and escape behaviors (fig. S14B) of SNI mice
in response to von Frey filament stimuli. The dynamic mechanical
allodynia induced by nerve injury was also alleviated by TC-G
1008 (fig. S14C). The SNI mice exhibited less spontaneous licking
behavior after TC-G 1008 treatment (fig. S14D). The CPP assay
demonstrated that the neuropathic mice showed preference for the
chamber paired with TC-G 1008 (fig. S14E), suggesting that acti-
vation of GPR39 alleviated the ongoing pain in the context of
nerve injury.
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Given that GPR39 modulated the glycinergic inhibition injection (Fig. 7H). We next examined the inflammatory dy-
through its extreme carboxyl tail, we tested if intracellular deliv- namic allodynia and found that GPR39ct inhibited the guarding
ery of GPR39ct polypeptide into SOM™ interneurons was able to  and licking behaviors of CFA mice to the brush stimuli (Fig. 71).
generate a similar analgesic action as TC-G 1008. The results The CPA assays showed that the gentle brush stroking was aver-
showed that prior expression of GPR39ct attenuated the sponta-  sive to the CFA-injected mice because they spent less time in the
neous licking behavior induced by CFA in SOM-Cre mice chamber where the repetitive brushings were applied (Fig. 7]).
(Fig. 7F). In the von Frey test, GPR39ct prevented the reduction  Prior expression of GPR39ct reduced avoidance of the brush-
of the reflexive thresholds induced by CFA (Fig. 7G). The at- paired chamber (Fig. 7]), suggesting that the intracellular carboxyl
tending and escape behaviors evoked by von Frey filaments were  tail of GPR39 alone was sufficient to inhibit the light touch-evoked
also less prominent when GPR39ct was expressed before CFA  unpleasant aversive feeling. These data also supported the notion
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Fig. 6. GPR39 maintained the tyrosine phosphorylation of GlyR 1. (A) GlyR o1 immunoprecipitates (IP) from spinal cord dorsal horns of WT and GPR39™/~ mice were
immunoblotted with phosphotyrosine (PY20) antibody and GlyR a1 antibody. **P = 0.002 (Mann-Whitney U test). n = 6 experiments. (B) Myc immunoprecipitates from
HEK293T cells expressing Myc-tagged GlyR a1 (Myc-a1) or GlyR ar1(Y339F) mutant [Myc-a1(Y339F)] were immunoblotted with PY20 and Myc antibody. n = 3 experiments.
(C) Effects of bath TC-G 1008 perfusion (500 nM; horizontal bar) on glycine (1 mM, 10 ms)-evoked whole-cell currents in HEK293T cells coexpressing GPR39 and GlyR a1 or
GlyR a1(Y339F). The original traces were taken at the time points indicated by the numbers 1 and 2. F49 g5, = 2.67, ***P < 0.001 (repeated measurement). n = 10 cells per
group. (D) PLA assay of GlyR a1 tyrosine phosphorylation with a pair of PY20 and GlyR a1 antibody in spinal SOM™ interneurons transfected with AAV2/9-EF1a-DIO-EGFP
(EGFP) or AAV2/9-EF1a-DIO-shRNA-GPR39-EGFP (shRNA). Bpv (5 nmol) was spinally applied for 30 min before PLA assay. **P=0.001 and ***P < 0.001 (Kruskal-Wallis test).
n =20 cells from four mice per group. Scale bar, 10 pm. (E) PLA assay of GlyR a1 tyrosine phosphorylation in SOM™ interneurons expressing EGFP or GPR39ct at day 1 after
saline or CFA injection. ***P < 0.001 (Kruskal-Wallis test). n = 20 cells from three to four mice per group. Scale bar, 10 pm. (F) Effect of bath Bpv (100 pM) perfusion on
GlyR-mIPSCs recorded on spinal SOM* interneurons expressing shRNA. ##P = 0.008 and ***P < 0.001 (Kruskal-Wallis test). n = 10 neurons from six mice per group.
(G) Intrathecal application of Bpv (5 nmol) attenuated spontaneous licking behavior in SOM-Cre mice with spinal SOM* interneurons expressing shRNA. #*P = 0.002
(Kruskal-Wallis test). n = 8 mice per group.

Bai et al., Sci. Adv. 10, eadj3808 (2024) 2 February 2024 100f 17



SCIENCE ADVANCES | RESEARCH ARTICLE

A O Baseline B O Baseline C O Baseline D oControl
o CFA O CFA/it. saline OCFA ) OCFA/it. saline
m CFA/i.t. saline m CFA/i.t. TC-G 1008 m CFA/i.t. saline mCFA/it. TC-G 1008
m CFA/it. TC-G 1008 W CFA/it. TC-G 1008
3.5 —. 2.0 - 100
= o ) s
< ks @ ]
E £_ 2 1.5 2 8
-0 [N n Q @ L
T3 == L AN co 60
= © o g £ 1.0 1 P sc
s< £a © i@ 7\ cX 40
] o c oA, I AN oo
z2 To > 0.5 I /« \ Q=
S o a g II %ﬁ » 20
§< os| JI\ |
1% 0
0.07g 0.4¢g 2g
E | S
- 7
I ? o 800j0saline s < 500 5
2 8 o 0 TC-G 1008 o c
. . £ o 8 400 £
e 2 o 600 G 300 L
o o o og =
S o =2 » g5 200 7]
= o 400 o 3
- - TE o+ 100 9
@ 4 Lo o9 c
g 2 oS 200 S 0 S
17 ® g 8 -100] g saline g
g 2 = 1} £-200° mTC-G1008 Qo ——
Pre Post Pre Post @ i.d. saline id.CFA
G OEGFP H |
— OEGFP
_ 201 77 aGpR3get o 351 L CPRasct 2.0 OEGFP
S5 E . 3.0 e ‘: o RS m GPR39ct
22 15 S® 25 o g 15
5 % Zo 2.0 o 3 9 @
£% 1.0 2c 8 v": }. L0
=L =0 1.5 /A £
3G 22 ol A i / g
28 o5 R ’ / . 3 ] $05
as & 05| Y| oA | s F || &R a
0.0 0.0 L& L8 d |18 .
BL CFA BL CFA BL CFA BLCFA BL CFABLCFA BL CFA BLCFA BL CFA BL CFA
0.07g 049 2g
J o Control
oControl © EGFP/CFA © GPR39ct/CFA = EGFP/CFA
- - GPR3Ict/CFA 800 onre ¢ w 100, ™ GPR39CUCFA
g 7 ‘(;; E . =
g 8 g . o8
® o @ > 22
£ £ $ £2 % % S
Eé 400 é’i’-
- - = )
; ; i 0% 200 N 2
- - - -
i % : £ 8
[7] 4
g g no_ = 0 Pre Post Pre Post Pre Post & .

Fig. 7. TC-G 1008 and GPR39ct polypeptide inhibited inflammatory mechanical pain. (A) Intrathecal (i.t.) application of TC-G 1008 (50 pmol) for 60-min attenuated
punctate mechanical allodynia in CFA mice. ***P < 0.001 (one-way ANOVA followed by post hoc Bonferroni test). n = 8 mice per group. (B and C) TC-G 1008 inhibited the
attending/escape behaviors to von Frey filament stimuli (B) and dynamic mechanical allodynia to brush stimuli (C) at day 1 after CFA injection. **#P < 0.001 (one-way
ANOVA followed by post hoc Bonferroni test). n = 6 (B) and 10 mice per group (C). (D) Spontaneous licking activities of mice. *P = 0.039 and **P = 0.002 (Kruskal-Wallis
test). n = 6 mice per group. (E) TC-G 1008 (50 pmol) induced CPP in CFA mice. ***P < 0.001 (to = 5.722, paired Student’s t test) and ###P < 0.001 (Mann-Whitney U test).
n = 10 mice per group. (F) Spontaneous licking activities 1 day after intradermal (i.d.) saline or CFA injection in SOM-Cre mice expressing EGFP or GPR39ct. ***P < 0.001
(one-way ANOVA and post hoc Bonferroni test). n = 8 mice per group. (G) von Frey thresholds before and after CFA injection. t; = 5.328, **P = 0.001 (paired Student’s t
test). n = 8 mice per group. (H) Attending and escape behaviors to von Frey filament stimuli before and after CFA injection. tg = 5.44, **P = 0.002; t, = 8.23, ***P < 0.001;
ts = 7.276, #1##P < 0.001 (paired Student’s t test). n = 7 mice per group. (I) Brush-evoked pain responses. t; = 7.638, *#*P < 0.001 (paired Student’s t test). n = 8 mice per
group. (J) Brushing evoked CPA in inflamed SOM-Cre mice with spinal SOM* interneurons expressing EGFP but not GPR39ct. *##P < 0.001 (t; = 6.78, paired Student’s t
test), **P = 0.005, and ##P = 0.001 (Kruskal-Wallis test). n = 8 mice per group.

DISCUSSION

The spinal cord dorsal horn is a critical hub that drives defensive
reflexive responses to noxious stimuli and transmits the nociceptive
information to a set of brain structures for the generation of pain
aversiveness. The current study found that: (i) GPR39, a unique
Zn**-sensitive G protein-coupled receptor (44), was expressed in
spinal cord SOM™ interneurons and distributed at inhibitory post-
synaptic sites, where GPR39 directly complexed with GlyRs and was

that G protein signalings were dispersible for GPR39 to regulate
mechanical pain. Viral expression of GPR39ct did not inhibit
the heat and cold hypersensitivities in the CFA mice (fig. S15).
In summary, our data unraveled an important role of GPR39 in
the feedforward glycinergic inhibition of spinal cord SOM* in-
terneurons, a key subpopulation in the neural circuits associated
with both the sensory discriminative and affective motivational
aspects of chronic pain.
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integral to normal glycinergic inhibition; (ii) GPR39 controlled the
excitatory glutamatergic output from SOM" interneurons to spino-
parabrachial projection neurons that engage the superspinal neural
circuits encoding both the defensive and affective domains of pain.
Our data showed that at the spinal level, the targeted manipulation
of GPR39 activity or GPR39-GlyR complex formation in SOM™ in-
terneurons effectively mitigated the multidimensional experience of
inflammatory and neuropathic pain.

Heteromerization between G protein—coupled receptors and ion
channels on the plasma membrane has been proposed as an officious
way to achieve a diversity of cellular functional modifications (45-48).
Previous studies have revealed a Zn>*-driven interaction of GPR39
with 5-hydroxytryptamine receptor 1A (5-HT1A) (46, 48). The 5-
HT1A-GPR39 oligomer is implicated to integrate the zincergic and
serotonergic signalings with a potential for the treatment of depres-
sion (46, 48). The current study identified ionotropic GlyR al as an-
other binding partner of GPR39 and provided evidence that
GPR39-GlyR al complex were necessary for the glycinergic inhibi-
tion of SOM* interneurons. Mechanistically, the intracellular carbox-
yl region of GPR39 was found to prevent GlyR al from tyrosine
dephosphorylation, possibly by concealing the phosphotyrosine resi-
due on GlyR al or impeding PTP access to GlyR al. Activation of
GPR39 in the spinal cord of intact mice generated no change of gly-
cinergic strength, suggesting that the interaction between GPR39 and
GlyR ol might be saturated under resting conditions. Deletion of
GPR39 led to GlyR al dephosphorylation and glycinergic disinhibi-
tion, suggesting an important role of GPR39-GlyR al complex in the
stabilization of normal glycinergic transmission. The identities of
PTPs targeting GlyR dephosphorylation require further investigation.

Zn** has been shown to inhibit pain perception in many pain
models (16, 17). As an allosteric modulator of GlyR a1, extracellular
Zn** dynamically regulates the apparent affinity of glycine for the
chloride channel (30, 49). Accumulating evidence has indicated that
Zn** also stimulates the conformational change of GPR39 and is
widely considered as an endogenous ligand for GPR39 (44, 50). Here,
we found an important role of Zn>* in driving the complex formation
between GPR39 and GlyR «l. It was reasonable that Zn** might ac-
complish the regulatory effects on glycinergic transmission through
two pathways: the direct binding to GlyR a1 for allosteric modulation
of the channel properties and the indirect binding to GPR39 for meta-
bolic modulation of GlyR a1 tyrosine phosphorylation, both of which
might be necessary for normal glycinergic inhibition.

As a critical component of spinal mechanosensory circuits, most
of the SOM™ lineage excitatory neurons are confined to lamina II
that segregates the deeper LTMR-recipient zone and superficial no-
ciceptive projection neurons (10, 51). Primary afferent LTMRs syn-
apse onto SOM™ interneurons and drive a dense feedforward
inhibition (10). Ablation of SOM™ population diminishes the reflex-
ive withdrawal responses to light touch (10). In contrast, optoge-
netic stimulation of SOM* interneurons in naive mice causes a CPA,
which correlates with the induction of c-fos in spinal neurokinin 1
receptor—positive projection neurons (9). These results suggest that
SOM™" interneurons are dedicated to relaying mechanosensory sig-
nals to superspinal structures. The lateral parabrachial nuclei are
established to receive inputs from molecularly distinct spinal pro-
jection neurons and contribute to the defensive jumping, recupera-
tive licking, and pain aversive learning by engaging several
downstream brain subregions (12-15). The current study showed
that SOM™ interneurons engaged lamina I SPNs, a monosynaptic or
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polysynaptic connection that might transmit the low-threshold
mechanosensory inputs to pain affect-processing brain nuclei. This
connection was silent under physiological conditions partly due to
strong feedforward glycinergic inhibitory control, a synaptic event
that required GPR39 activity. In the absence of GPR39, the light
touch became aversive and caused the pain perception and affect. It
is worthwhile to mention that GPR39 was also present out of in-
hibitory synapses. Although the pain behaviors observed after
knockdown of GPR39 in SOM™ neurons correlated closely with gly-
cinergic synaptic disinhibition, additional studies are warranted to
examine whether GPR39 outside the inhibitory synapses also plays
arole in the pain modification.

Together, our data suggested that Zn*"-sensitive GPR39 at the spi-
nal level represented a promising target for the treatment of mechanical
pain, both in the reflexive defensive and affective motivational aspects.

MATERIALS AND METHODS

Animals and pain models

All experimental procedures were approved by the Institutional
Animal Care and Use Committee of Lanzhou University. The male
adult C57BL/6] mice (8 to 10 weeks) were purchased from the Ex-
perimental Animal Center of Lanzhou University (approval num-
ber: SCXK (GAN)-2013-0002). The GPR39 knockout mice
(KOCMP-00773) were purchased from Cyagen Bioscience (Suzhou,
China). The B6.Cg-Gt(ROSA)26Sor'™(CAC-tdTomato)tize y (Aj9) re-
porter mice (JAX 007909), SST™21("9)%"/y (SOM-Cre) mice (JAX
013044) and B6J.1296(FVB)-Slc32a1"" "'/ Mwar] (vGAT-cre)
mice (JAX 028862) were obtained from the Jackson Laboratory. The
SOM-Cre and Ai9 mice were crossed to label SOM* neurons with
tdTomato. The animals were housed on a 12-hour light/12-hour
dark cycle with free access to water and food and were assigned ran-
domly to experimental groups. The inflammatory pain was induced
by subcutaneous injection of CFA (20 pl; Sigma-Aldrich) into the
plantar surfaces of hindpaws. To establish the SNI model of neuro-
pathic pain, we anesthetized the mice by intraperitoneal injection of
sodium pentobarbital (90 to 120 mg/kg) and exposed the left sciatic
nerve. The tibial and common peroneal nerves were tightly ligated
and severed distal to the ligation, followed by removing a 2- to 3-mm
portion of each nerve. The sural branch of the sciatic nerve was left
intact during the operation (39). The sham surgery was conducted
by exposing the sciatic nerve without any nerve injury. The muscle
and skin were then closed in layers.

Virus, expression constructs, and reagents

The AAV2/9-EF1a-DIO-GPR39ct-EGFP (2.0 X 10" vg/ml), AAV2/9-
EF1a-DIO-EGFP (2.0 x 10" vg/ml), and AAV2/9-hSyn-DIO-
Synaptophysin-mCherry (2.45 x 10'* vg/ml) were purchased from
BrainVTA (Wuhan, China). The GPR39ct polypeptide encompassed
amino acids 344 to 456 of mouse GPR39. The AAV2/9-EFla-DIO-
shRNA-GPR39-EGFP (5.3 x 10" vg/ml) was obtained from Sunbio
Biomedical Technology (Shanghai, China). The sequence of shRNA-
GPR39 was 5'-GATCCAAAAAAGGTGTACCTGATCATCTTTGTT
CTCTTGAAACAAAG ATGATCAGGTACACC-3'. The AAV2/9-
EF1a-DIO-ChR2(H134R)-mCherry (3.2 X 10%2 vg/ml) was purchased
from BrainCase (Shenzhen, China). The pRK5-BARK1 plasmid was a
gift from R. Lefkowitz (Addgene #14695). We obtained the recombi-
nant adenovirus (10" plaque-forming units/ml) encoding EGFP and
BARKI1 from Yingrun Biotechnologies (Changsha, China).
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The full-length mouse GlyR al cDNA, human GlyR o3, and
GIlyR p cDNAs in pcDNA3.1 vector were obtained from Youbio Bio-
technologies (Changsha, China). The site-directed mutagenesis was
used to generate GlyR al(Y339F) (the number did not include the
signal peptide sequence). The isolated GlyR a1 or GlyR al(Y339F)
cDNA was modified by inserting c-Myc sequence (EQKLISEEDL)
between the second and third amino acids (39). The ILL of human
GlyR al (residues 308 to 392), GlyR a3 (residues 308 to 400), or
GIyR B (residues 329 to 456) was polymerase chain reaction (PCR)-
subcloned and ligated into pGEX-6p-1 vector (39). The full-length
human GPR39 ¢cDNA in pcDNA3.1 or pcDNA3.1-Flag vector was
obtained from Youbio Biotechnologies. The extreme carboxyl ter-
minus (residues 344 to 453) and the IL3 (residues 245 to 281) of
human GPR39 were PCR-subcloned and ligated into pcDNA3.1-
hemagglutinin (HA) vector. All constructs were verified by DNA
sequencing.

TC-G 1008 (Sigma-Aldrich), chelerythrine (Sigma-Aldrich),
wortmannin (Sigma-Aldrich), U-0126 (Sigma-Aldrich), H-89
(Sigma-Aldrich), and U-73122 (Absin, Shanghai, China) were dis-
solved in dimethyl sulfoxide, which were diluted with saline or in-
ternal solution before use. The final concentration of dimethyl
sulfoxide was less than 0.5%. GDP-f-S (Sigma-Aldrich), Bpv(phen)
[potassium bisperoxo (1,10-phenanthroline) oxovanadate (V); Cal-
biochem, MA, USA], TTX (Absin), 4-aminopyridine (Absin), Ca-
EDTA (Absin), Y-27632 (Absin) and BAPTA (Absin), bicuculline
(Sigma-Aldrich), strychnine (Sigma-Aldrich), 6-Cyano-7-nitroqui
noxaline-2,3-dione (CNQX; Sigma-Aldrich), and p(-)-2-amino-5-
phosphonopentanoic acid (D-APV; Sigma-Aldrich) were dissolved
in saline, external, or internal solution.

Stereotaxic injection and drug delivery

Intraspinal viral injection was performed in 3- to 4-week-old mice
for electrophysiological recordings or in 5- to 7-week-old mice for
other experiments. In brief, the mice were anesthetized by intraper-
itoneal injection of sodium pentobarbital (90 to 120 mg/kg) and
mounted on a stereotaxic frame after a laminectomy (39, 52). A
glass pipette filled with the viral vector was attached to a microsy-
ringe pump (R-480, RWD, Shenzhen, China). The pipette tip (40 pm
in diameter) was positioned at a depth of 0.2 to 0.3 mm from the
dorsal surface of L4-L5 lumbar segment and 0.5 mm apart from the
midline for viral injection (300 nl, 30 nl/min). We conducted three
unilateral injections (0.5 mm apart) in each mouse. After the injec-
tion, the muscle and skin were closed. The experiments were con-
ducted after 21-day recovery.

For fluorescent retrobead labeling with CTB-488 (Invitrogen) or
CTB-555 (Invitrogen), a midline incision was made to expose the
cranium and a hand-held drill was used to create a burr hole through
which a glass pipette was inserted to the lateral parabrachial nuclei
(anterior-posterior, —5.1 mm; medial-lateral, +£1.2 mm; dorso-
ventral, —3.35 mm). The retrobead (1%, 50 nl) was injected slowly
through a microsyringe pump. After the injection, the pipette was
left in place for 5 to 10 min before being withdrawn. Intrathecal
drug injection (5 pl) was achieved by direct lumbar puncture as de-
scribed previously (39, 52).

Behavioral tests

All behavioral tests were conducted blindly. The mice were habitu-
ated to the testing environment for 30 min on three consecutive
days before baseline measurements. For von Frey test, the mice were
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placed in a chamber with metal mesh floor, and a series of von Frey
filaments were applied perpendicularly to the plantar surfaces of
hindpaws. The 50% paw withdrawal thresholds were calculated by
using up-down method (52). To assess the attending and escape be-
haviors evoked by the punctate force, we sequentially applied three
von Frey filaments (0.07, 0.4, and 2 g) to the plantar surfaces of
hindpaws. Each filament was used only once, and the time spent by
the mice on the escape and attending of the stimulated paws was
videotaped and calculated within 30 s after each filament applica-
tion (53). To measure the dynamic mechanical sensitivity, a custom-
made paintbrush (5 mm in length) was used to stroke the plantar
surfaces of hindpaws from heel to toe at a velocity of about 2 cm/s.
The responses of mice were scored according to previous reports
(11): Score 0, a fast movement or lifting of the stimulated paws;
score 1, a sustained lifting (more than 2 s) or single flinching of the
stimulated paws; score 2, a strong lateral lifting of the stimulated
paws or a startle-like jumping; score 3, multiple flinching or licking
of the stimulated paws. The brushing stimuli were delivered for
three times (3-min interval) to obtain the averaged score (10). In the
Hargreaves test, the mice were placed on a transparent glass plate
and a beam of light was delivered to the plantar surfaces of hind-
paws to measure the paw withdrawal latencies. We set a cutoff time
of 10 s to avoid the tissue damage (39). For the measurement of cold
sensitivity, a drop of acetone was dabbed onto the plantar surfaces of
hindpaws through a syringe that did not touch the skin. The first
10-s activities were excluded, and the time spent by the mice on
flicking and licking the stimulated paws was recorded for 60 s after-
ward (39, 54).

To assess the spontaneous pain behaviors (55), the mice were in-
dividually placed in a transparent PLEXIGLAS cage (18 cm by 18 by
22 cm). After 30 min of habituation, we videotaped and analyzed the
total traveling distance, the mean locomotion velocity, and the time
spent on licking the thighs and paws over a 30-min period.

The CPP test was performed as described previously (56). The
CPP apparatus consisted of two chambers (18 cm by 18 cm by 22 cm)
with distinct visual cues (one was decorated with dark floor and
walls, and another was with white floor and walls), which were in-
terconnected with a central neutral corridor. The CPP test was con-
ducted 21 days after viral injection or one day after CFA injection.
On the habituation day, the mice were individually placed in the
central corridor with free access to both chambers for 15 min. On
the pre-conditioning day, the mice were placed into the neutral cor-
ridor and allowed to explore the whole apparatus freely for 15 min.
Most of the mice usually displayed a slight preference for the cham-
ber with dark floor and walls. We analyzed the movement of mice
with SuperMaze software (XinRun Information Technology, Shang-
hai, China) and defined the time spent in the innate nonpreferred
chamber as the pre-conditioning time. The mice spending more
than 80% of the total time in either chamber during the pre-
conditioning session were not used for further test. During the con-
ditioning day, the mice received intrathecal TC-G 1008 injection in
the morning and were restricted to their innate nonpreferred cham-
ber for 60 min. The control mice were administrated with saline.
Four hours later, the mice received intrathecal saline injection and
were restricted to their innate preferred chamber for 60 min. A sin-
gle trial conditioning protocol was used in TC-G 1008 group. On
the post-conditioning day, the mice were placed into the neutral
corridor to roam freely through the entire apparatus for 15 min.
The time spent in the drug-paired chamber was defined as the
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post-conditioning time. The CPP score was calculated by subtract-
ing the pre-conditioning time from the post-conditioning time.

In the CPA test, the three-chamber apparatus was placed on an
elevated wire mesh that served as the chamber floor (11). On day 1,
the mice were habituated to the apparatus for 15 min with free ac-
cess to all the chambers. On day 2, the mice were placed into the
neutral corridor and allowed to freely explore the apparatus for
15 min. Most of mice showed a slight preference for the dark cham-
ber. We recorded the time spent in the innate preferred chamber as
the pre-conditioning time. On days 3 and 5, the mice were confined
to their innate preferred chamber, and a custom-made paintbrush
was used to stimulate the plantar surfaces of hindpaws from heel to
toe for 15 min with an interval of about 2 s. On days 4 and 6, the
mice were confined to their innate nonpreferred chamber for 15 min.
On day 7, the mice were placed into the neutral corridor and al-
lowed to roam freely through the whole apparatus for 15 min. The
time spent in the brushing-paired chamber was recorded as the
post-conditioning time. The CPA score was calculated by the post-
conditioning time minus the pre-conditioning time.

Immunohistochemistry

Mice were deeply anesthetized by intraperitoneal injection of sodi-
um pentobarbital (90 to 120 mg/kg) and perfused through the as-
cending aorta with 10 ml of ice-cold phosphate-buffered saline
(PBS) and 10 ml of paraformaldehyde (4%). The lumbar spinal cord,
DRG, or brain was dissected out and post-fixed for 2 hours (spinal
cord and DRG) or overnight (brain tissue) at 4°C in PBS containing
4% paraformaldehyde. After washes with PBS, the tissues were cryo-
protected in PBS containing 30% sucrose at 4°C for 24 hours (spinal
cord and DRG) or 48 hours (brain tissue) and sectioned at 40 pm in
thickness on a cryostat at —20°C. The sections were blocked at 4°C
with 10% normal goat serum (NGS) and 0.25% Triton X-100 in PBS
overnight and then incubated with primary antibodies for 48 hours.
After complete washes with PBS containing 10% NGS, the sections
were incubated for 2 hours at room temperature with Alexa 488-,
Cy3-, or Alexa 647-conjugated secondary antibodies (1:500; Invit-
rogen). Fluorescence images were captured by a confocal laser scan-
ning microscope (SP8, Leica). The primary antibodies used in this
study included the rabbit anti-GPR39 antibody (1:500; Novus Bio-
logicals, #NLS142), mouse anti-CGRP antibody (1:1000; Sigma-
Aldrich, #4901), mouse anti-GFAP antibody (1:5000; Sigma-Aldrich,
#G3893), mouse anti-PKCy antibody (1:200; Santa Cruz Biotech-
nology, #sc-166385), mouse anti-CD11B antibody (OX-42; 1:500;
Bio-Rad, #MCA275), mouse anti-NeuN antibody (1:5000; Milli-
pore, #MAB377), rabbit anti-c-fos antibody (1:800; Proteintech,
#26192-1-P), and mouse anti-gephyrin antibody (1:200; Synaptic
System, #147021). The fluorescein isothiocyanate-conjugated IB4
(1:200; Sigma-Aldrich, #1.2895) was incubated for 2 hours at room
temperature to label non-peptidergic C fiber nociceptors before im-
age capture.

Proximity ligation assay

The transverse spinal slices of 40 pm in thickness were prepared as
described above. Fluorescence PLA was conducted with Duolink
in situ fluorescence kit (Sigma-Aldrich) according to the manufac-
turer’s instructions (57-60). In brief, the sections were incubated for
10 min at room temperature with the antigen retrieval solution (Be-
yotime, #P0090). After the antigen retrieval, the sections were per-
meabilized with PBS containing 0.25% Triton X-100 for 12 hours,
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blocked for 60 min at 37°C with the Duolink blocking solution, and
incubated overnight at 4°C with a mixture of rabbit anti-GPR39
(1:500; Novus Biologicals, #NLS142) and mouse anti-GlyR al anti-
body (1:200; Synaptic System, #146111) or a mixture of rabbit anti-GlyR
al (1:200; Synaptic System, #146003) and mouse phosphotyrosine
(PY) antibody (1:200; Sigma-Aldrich, #P4110). All the primary an-
tibodies were diluted with 1x Duolink antibody diluent. After two
washes with 1x wash buffer A, the sections were incubated with the
Duolink In Situ PLA probe anti-rabbit PLUS (1:5) and anti-mouse
MINUS (1:5) at 37°C for 60 min in a humid incubator. The remain-
ing PLA probes were washed out with 1x wash buffer A. The ligase
was diluted (1:40) with 1x ligation buffer and incubated with the
sections for 30 min at 37°C in the humid incubator. After two washes
with 1x wash buffer A, the sections were incubated for 100 min at
37°C with the polymerase diluted (1:80) in 1x amplification buffer
in the darkened humid incubator. The sections were sequentially
washed with 1x wash buffer B (2x for 10 min) and 0.01 X wash buffer
B (1x for 10 min). The coverslips were mounted with Duolink
In Situ mounting medium, and the fluorescence images were cap-
tured with a confocal laser scanning microscope.

GST pull-down assay, immunoprecipitation, and

Western blot

GST-fused proteins were expressed in Escherichia coli BL21 cells and
purified as previously described (39). The GST protein bound to
glutathione agarose beads was incubated for 4 hours at 4°C with the
whole-cell lysates of HEK293T cells (American Type Culture Col-
lection, #CRL-3216) transfected with Flag-GPR39. After brief cen-
trifugation at 800g, the beads were harvested, washed with the
radioimmunoprecipitation assay (RIPA) buffer [50.0 mM triseHCI
(pH 8.0), 150.0 mM NaCl, 1.0 mM EDTA, 1.0% NP-40, 0.1% SDS,
0.5% sodium deoxycholate, and phosphatases/proteases inhibitor
cocktail (Sigma-Aldrich)], and boiled in SDS sample bufter for im-
munoblotting analysis.

For immunoprecipitation, the mice were deeply anesthetized by
intraperitoneal injection of sodium pentobarbital (90 to 120 mg/
kg). The experimenters were blind to the experimental groups. The
L4-L5 lumbar spinal cord was isolated in ice-cold artificial cerebro-
spinal fluid [ACSF; 119.0 mM NacCl, 2.5 mM CaCl,, 2.5 mM
KCl, 1.3 mM MgCl,, 1.0 mM NaH,POy, 26.0 mM NaHCOs3, and
11.0 mM b-glucose (pH 7.4), oxygenated with 95% O, and 5%
CO;] and homogenized in the RIPA buffer. HEK293T cells were
also lysed in the RIPA buffer. Following centrifugation at 14,000g
for 10 min, the supernatant was collected and the protein concen-
tration was measured with the Bicinchoninic Acid Assay Kit (Beyotime,
#P0012S). The supernatant was incubated with the primary anti-
body under gentle rotation at 4°C overnight. The immune com-
plexes were incubated with protein A/G agarose beads at 4°C for
4 hours. Following extensive washes with the RIPA buffer, the
immunoprecipitates were boiled in SDS sample buffer for 5 min for
Western blot analysis.

The protein samples were separated on SDS-polyacrylamide
gel electrophoresis and transferred to polyvinylidene difluoride
membranes. The membranes were blocked for 30 min by 5% nonfat
milk and incubated with primary antibodies overnight at 4°C. After
washes with Phosphate-Buffered Saline containing Tween-20
(PBST), the membranes were incubated with horseradish peroxidase—
conjugated secondary antibodies for 60 min under gentle rotation
at room temperature. The protein signals were visualized with
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enhanced chemiluminescence. The primary antibodies used in the
present study included the rabbit anti-GlyR ol (1:200; #146003)
and mouse anti-GlyR ol antibody (1:200; #146111) from Synaptic
System, rabbit anti-GPR39 antibody (1:500; Novus Biologicals,
#NLS142), mouse anti-f-actin (1:800; #A5316) and mouse phos-
photyrosine (PY) antibody (1:200; #P4110) from Sigma-Aldrich,
mouse anti-Flag (1:5000; #E0017) and mouse anti-GST antibody
(1:20,000; #E0019) from Anbo Biotechnology (Jiangsu, China),
mouse anti-HA antibody (1:1000; Proteintech, #66006-1), mouse
anti-Myc antibody (1:600; Santa Cruz Biotechnology, #sc-40), and
rabbit anti-Myc antibody (1:1000; Abcam, #ab9106).

Electrophysiological recordings

Electrophysiological recordings were conducted blindly by the ex-
perimenters without knowledge of the manipulations that the ani-
mals had received. The mice (6 to 7 weeks old) were deeply
anesthetized by intraperitoneal injection of sodium pentobarbital
(90 to 120 mg/kg). The lumbar segment of spinal cord was isolated
in ice-cold sucrose solution [50.0 mM sucrose, 95.0 mM NaCl, 1.8 mM
KCl, 1.2 mM NaH,;POy, 0.5 mM CaCl,, 7.0 mM MgCl,, 26.0 mM
NaHCOj3, 15.0 mM p-glucose (pH 7.4), and oxygenated with 95%
0, and 5% CO,]. A transverse slice (300 pm in thickness) with or
without an attached L4 or L5 dorsal root was cut on a vibratome
stage. The slice was transferred to the recording chamber and per-
fused (5 ml/min) with oxygenated ACSF (32° to 33°C). The whole-
cell patch clamp recordings were performed under an Olympus
BX51WIF microscope equipped with a 40X water immersion objec-
tive under fluorescence and transmitted light illumination.

To record the inhibitory synaptic transmission, the membrane
potential was held at 0 mV with an Axon 700B Amplifier in the
voltage-clamp mode. The glass electrodes had the resistance of 3
to 5 megohm when filled with the internal solution [110.0 mM
Cs,504, 5.0 mM KCI, 2.0 mM MgCl,, 5.0 mM Na,-adenosine
5'-triphosphate (ATP), 0.5 mM Na-guanosine 5’-triphosphate
(GTP), 20.0 mM Hepes, and 0.6 mM EGTA (pH 7.25, 310 to
320 mOsm)]. The inhibitory synaptic currents were evoked by focal
electrical stimulation (0.1 Hz) delivered through a glass pipette that
was positioned adjacent to the recorded neurons. The glycinergic
inhibitory responses were pharmacologically isolated by adding
NMDAR antagonist D-APV (50 uM), AMPAR antagonist CNQX
(10 pM), and GABA 4R antagonist bicuculline (10 pM) in the exter-
nal solution. Two successive electrical stimuli (30-ms interval) were
delivered to evoke GlyR-eIPSCs and measure the paired-pulse ra-
tios (second response/first response). The GABAergic synaptic com-
ponents were pharmacologically isolated by adding GlyR antagonist
strychnine (2 pM), D-APV, and CNQX in the external solution. For
mIPSC recordings, 1 pM TTX was also included in the external
solution.

To record the excitatory synaptic transmission, the glass pipettes
were filled with the internal solution containing 115.0 mM cesium
methanesulfonate, 20.0 mM CsCl, 10.0 mM Hepes, 2.5 mM MgCl,,
4.0 mM Na,-ATP, 0.4 mM Na-GTP, 0.6 mM EGTA, and 10.0 mM
sodium phosphocreatine (pH 7.25, 310 to 320 mOsm). A suction
electrode was used to deliver electrical stimuli to the attached dorsal
roots at 0.1 Hz. The NMDAR-eEPSCs were recorded at the holding
potential of +40 mV with the external solution containing bicucul-
line, strychnine, and CNQX. The input-output curves were plotted
by eliciting the synaptic currents at five stimulation intensities (0.1,
0.2, 0.5, 1.0, and 2.0 mA). AMPAR-eEPSCs were recorded at the
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holding potential of —70 mV with bicuculline and strychnine added
in the external solution. The monosynaptic responses were identi-
fied on the basis of the constant latency and absence of conduction
failure in response to high-frequency electrical stimulation (20 Hz).
AMPAR-mEPSCs and AMPAR-sEPSCs were recorded in the pres-
ence and absence of TTX (1 pM), respectively. The SOM™ neurons
expressing ChR2(H134R) were illuminated by blue light flashes
(473 nm, 5 mW, 2 ms, 0.1 Hz), and the light-eEPSCs were recorded
on the SPNs retrolabelled with CTB-488.

For current-clamp recordings, the glass pipettes had the resist-
ance of 3 to 5 megohm when filled with the internal solution
containing 135.0 mM K-gluconate, 3.0 mM KCI, 10.0 mM Hepes,
0.5 mM EGTA, 1.0 mM MgCl,, 4.0 mM Mg-ATP, and 0.5 mM Na-GTP
(pH 7.2 adjusted with KOH, 290 to 300 mOsm). The resting mem-
brane potential was measured immediately after the establishment
of whole-cell configuration. The membrane resistance was deter-
mined by hyperpolarizing current injections from —60 to 0 pA in
20-pA increments with the membrane potential held at —60 mV. The
AP firings were elicited by injecting depolarizing currents in 2-pA
increments from 0 to 40 pA at the holding potential of —60 mV. For
spontaneous AP recordings, the neurons were held at the resting
membrane potentials with no current injection. To record Ap fiber-
evoked AP firings, the spinal slices were perfused with normal
ACSF. The dorsal roots were electrically stimulated at the intensity
of 25 pA (10, 11), and APs were recorded at resting membrane po-
tentials.

HEK293T cells were transfected with pcDNA3.1 vector encod-
ing GPR39 and GIyR al subunit. The pEGFP-N1 vector was co-
transfected as the reporter plasmid. The cells were perfused (3 to
5 ml/min) at room temperature with bath solution containing 145.0 mM
NaCl, 5.0 mM KCI, 2.0 mM CaCl,, 1.0 mM MgCl,, 10.0 Hepes, and
11.0 mM p-glucose (pH 7.3). The recording glass pipettes had the
resistance of 3 to 5 megohm when filled with the internal solution
[140.0 mM CsCl, 1.0 mM CaCl,, 2.0 mM MgCl,, 10.0 mM Hepes,
8.0 mM EGTA, 3.0 mM Na,-ATP, and 0.1 mM Na-GTP (pH 7.2, 295
to 300 mOsm)]. The EGFP-positive cells were held at —80 mV, and
the whole-cell currents were evoked by briefly puffing glycine (1 mM,
10 ms) onto the cells through an electrically controlled microperfu-
sion system (MP2-S, InBio Inc., Wuhan, China) at an interval of 30 s.
The series and input resistances were monitored online throughout
each experiment. The recordings were discarded if the series or in-
put resistance changed by more than 15%. The current signals were
filtered at 2 kHz and sampled at 10 kHz.

Statistical analysis

All data were presented as means + SEM and analyzed blindly. No
statistical methods were used to predetermine sample sizes, which
were chosen based on prior experience with similar experiments
(39). Electrophysiological data were analyzed by Clampfit 8.0 or
Mini-analysis software. The immunofluorescent images were ana-
lyzed by Image-Pro Plus 6.0 software. Western blot data were quan-
tified by using NIH Image]J software. Two group comparisons were
conducted with paired Student’s ¢ test, Mann-Whitney U test, or
Pearson’s chi-square test. The data across multiple groups were com-
pared by using Kruskal-Wallis test or one-way analysis of variance
(ANOVA) followed by post hoc Bonferroni test. The data between
multiple groups occurring over time were compared by using re-
peated measurement. The criterion for statistical significance
was P < 0.05.
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