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mGluR5 from Primary Sensory Neurons Promotes Opioid-
Induced Hyperalgesia and Tolerance by Interacting with and
Potentiating Synaptic NMDA Receptors
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Hui-Lin Pan ((FZEE%)
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Aberrant activation of presynaptic NMDARs in the spinal dorsal horn is integral to opioid-induced hyperalgesia and analgesic toler-
ance. However, the signaling mechanisms responsible for opioid-induced NMDAR hyperactivity remain poorly identified. Here, we
show that repeated treatment with morphine or fentanyl reduced monomeric mGluR5 protein levels in the dorsal root ganglion
(DRG) but increased levels of mGluR5 monomers and homodimers in the spinal cord in mice and rats of both sexes.
Coimmunoprecipitation analysis revealed that monomeric and dimeric mGluR5 in the spinal cord, but not monomeric mGluR5 in the
DRG, directly interacted with GluN1. By contrast, mGluR5 did not interact with p-opioid receptors in the DRG or spinal cord.
Repeated morphine treatment markedly increased the mGluR5-GluN1 interaction and protein levels of mGluR5 and GluN1 in spinal
synaptosomes. The mGluR5 antagonist MPEP reversed morphine treatment-augmented mGluR5-GluN1 interactions, GluN1 synaptic
expression, and dorsal root-evoked monosynaptic EPSCs of dorsal horn neurons. Furthermore, CRISPR-Cas9-induced conditional
mGIuR5 knockdown in DRG neurons normalized mGIuR5 levels in spinal synaptosomes and NMDAR-mediated EPSCs of dorsal horn
neurons increased by morphine treatment. Correspondingly, intrathecal injection of MPEP or conditional mGluR5 knockdown in DRG
neurons not only potentiated the acute analgesic effect of morphine but also attenuated morphine treatment-induced hyperalgesia and
tolerance. Together, our findings suggest that opioid treatment promotes mGluR5 trafficking from primary sensory neurons to the spi-
nal dorsal horn. Through dimerization and direct interaction with NMDARs, presynaptic mGluR5 potentiates and/or stabilizes NMDAR
synaptic expression and activity at primary afferent central terminals, thereby maintaining opioid-induced hyperalgesia and tolerance.
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Opioids are essential analgesics for managing severe pain caused by cancer, surgery, and tissue injury. However, these drugs para-
doxically induce pain hypersensitivity and tolerance, which can cause rapid dose escalation and even overdose mortality. This study
demonstrates, for the first time, that opioids promote trafficking of mGluR5, a G protein-coupled glutamate receptor, from periph-
eral sensory neurons to the spinal cord; there, mGIluR5 proteins dimerize and physically interact with NMDARs to augment their
synaptic expression and activity. Through dynamic interactions, the two distinct glutamate receptors mutually amplify and sustain
nociceptive input from peripheral sensory neurons to the spinal cord. Thus, inhibiting mGIuR5 activity or disrupting mGluR5-
NMDAR interactions could reduce opioid-induced hyperalgesia and tolerance and potentiate opioid analgesic efficacy. /
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The u-opioid receptor (MOR) agonists are the first-line treatment
for severe pain caused by cancer, surgery, and tissue injury.
Paradoxically, however, prolonged opioid use produces hyperalge-
sia and analgesic tolerance, causing rapid dose escalation of
opioids and potentially resulting in dependence, addiction, and
even overdose death. Recent evidence using conditional MOR
knockout (KO) mice indicates that MORs expressed in primary
sensory neurons and their afferent terminals in the spinal cord
play an essential role in both opioid-elicited synaptic LTP as well
as opioid-induced analgesia and hyperalgesia (Sun et al., 2019; S.
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R. Chen et al., 2022). Also, brief and repeated treatment with
MOR agonists potentiates presynaptic NMDAR activity in the
spinal dorsal horn, which plays a prominent role in the devel-
opment of opioid-induced hyperalgesia and tolerance (H. Y.
Zhou et al.,, 2010; Zhao et al,, 2012; Deng et al., 2019a; S. R.
Chen et al., 2022). However, exactly how MOR activation leads
to increased presynaptic NMDAR activity in the spinal cord is
largely unknown. The C-terminal domains of NMDAR subu-
nits can be phosphorylated by various protein kinases, includ-
ing PKC (Sprengel et al., 1998; M. H. Zhou et al,, 2021b). In
this regard, phosphorylation of NMDARs by PKC regulates
NMDAR activity and associated synaptic plasticity in the spinal
cord (M. H. Zhou et al, 2021b; S. R. Chen et al., 2022).
Inhibition of PKC or Gaq/11 at the spinal cord level augments
opioids’ analgesic effect and reduces opioid-induced NMDAR
hyperactivity and hyperalgesia (Zhao et al., 2012; S. R. Chen et
al., 2022; Marwari et al.,, 2022). Because MORs are typically
coupled to inhibitory Gai/o proteins, it remains difficult to
understand how MOR agonists induce activation of Gaq/11
and PKC in the spinal cord.

mGluR5 (meabotropic glutamate receptor 5, encoded by the
Grmb5 gene), one member of Group I mGluRs that are coupled
to Gaq/11, is broadly expressed in peripheral and central neu-
rons, including those of the DRG and spinal cord (Alvarez et
al., 2000; Hudson et al., 2002; Xie et al., 2017). Increased
mGluR5 activity can augment nociceptive transmission at the
spinal cord level. For instance, intrathecal administration of the
mGluR5 antagonist MPEP ameliorates neuropathic pain in ani-
mal models (Sotgiu et al., 2003; J. Q. Li et al., 2010; Xie et al,,
2017). Upon activation, mGluR5 stimulates PLC via coupling
to stimulatory Gaq/11 proteins to hydrolyze phosphoinositides
(Conn and Pin, 1997; Miura et al., 2002). Hydrolyzation of phos-
phoinositides produces diacylglycerol, an activator of PKC, and
inositol-1,4,5-triphosphate, which releases Ca** from internal
stores (Abdul-Ghani et al., 1996). This stimulatory activity gives
mGluR5 a potential role in opioid-induced NMDAR hyperac-
tivity via PKC. Indeed, constitutive mGluR5 KO in mice
(M. Huang et al., 2019) or intrathecal injection of MPEP (Xu et
al., 2007; Liu et al., 2009) attenuates morphine-induced hyperal-
gesia and tolerance. Also, repeated morphine treatment increases
mGIuR5 and GIuN1 expression in the spinal cord (Narita et al.,
2005; Liu et al., 2009). Prior activation of mGluR5 converts the
action of Gai/o-coupled Group III mGluRs from inhibitory
to excitatory in neurons (J. J. Zhou et al., 2020). Thus, activa-
tion of PKC by the Gaq/11-coupled mGluR5 provides an
opportunity to augment and/or maintain opioid-induced phos-
phorylation and activation of NMDARs. However, the interplay
between mGIuR5 and NMDARs in opioid-induced hyperalgesia
and tolerance is poorly understood.

In the present study, we determined the potential role of
mGluR5 from DRG neurons in opioid-induced presynaptic
NMDAR hyperactivity in the spinal cord. We showed, for
the first time, that repeated opioid treatment promotes
mGluRS5 trafficking from the DRG to spinal cord. In the spi-
nal cord, mGluR5 forms homodimers and interacts with
NMDARs to augment and/or maintain synaptic expression
and activity of NMDARs. Importantly, our study reveals
that mGluR5 from DRG neurons mediates opioid-induced
hyperalgesia and tolerance by promoting NMDAR-medi-
ated glutamatergic input to the spinal dorsal horn. This new
information advances our understanding of the signaling
mechanism responsible for opioid-induced hyperalgesia
and tolerance.
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Materials and Methods

Animals. The Institutional Animal Care and Use Committee of
the University of Texas MD Anderson Cancer Center approved all ex-
perimental procedures and protocols. The Guide for the care and use
of laboratory animals (National Institutes of Health) was followed
throughout the study. Adult male and female Sprague Dawley rats
(180-250 g) were used in this study and housed with no more than 3
rats per cage. Cas9"" mice were purchased from The Jackson
Laboratory (stock #026175). Advillin-Cre (Avil“"/ ") mice (da Silva et
al., 2011) were kindly provided by Fan Wang (Massachusetts Institute
of Technology). We bred Cas9™¥" female and male mice to obtain
Cas9™¥'"1°% mice, To induce Cas9 “knock-in” in primary sensory neurons,
Avil™ ™" :Cas9"™ " mice were obtained by breeding the male Avil“™*
mice with female Cas9™"°* mice. Because Cas9™* mice have a floxed-
STOP cassette preventing expression of Cas9, Cas9 is expressed only after
exposure to the Cre recombinase. Mice were earmarked 3 weeks after birth,
and ear biopsies were used to confirm the genotype. All the mice had a
C57BL/6 genetic background and were housed with no more than 5 mice
per cage. Adult male and female mice (8-12 weeks old) were used for final
experiments.

For induction of opioid-induced hyperalgesia and tolerance, we in-
traperitoneally injected mice (10 mg/kg, twice per day) and rats (5 mg/
kg, twice per day) with morphine (catalog #0641-6127-25, West Ward
Pharmaceuticals) for 8 and 7 consecutive days for mice and rats, respec-
tively (S. R. Chen et al., 2007; Zhao et al., 2012; Jin et al., 2022). Some
mice were also treated with fentanyl (0.1 mg/kg, i.p., twice per day, cata-
log #0641-6028-01, West Ward Pharmaceuticals) for 8 consecutive days
(Sun et al., 2019).

Construction of lentiviral vectors expressing mGIuR5-specific guide
RNA (gRNA). We constructed a lentivirus that expresses a gRINA against
mouse mGluR5 (encoded by the Grm5 gene) using previously described
methods (Sanjana et al,, 2014; Shalem et al,, 2014). Briefly, we first cloned
four specific gRNAs against Grm5 into a lentiGuide-Puro plasmid
(catalog #52963, Addgene). To determine the effect of the gRNA-con-
taining lentiGuide-Puro plasmids on mGluR5 knockdown, we cloned
the full-length Grm5 coding sequence into a pcDNAG6 plasmid. The
gRNA-containing lentiGuide-Puro plasmids were cotransfected with
pcDNAG6-Grm5 and lentiCas9 plasmids (catalog #63592, Addgene)
into HEK293FT cells using Polyjet transfection reagent (catalog #SL100688,
SignaGen Laboratories). After 3d of coincubation, the cells were collected
for immunoblot analysis to confirm mGluR5 knockdown. The most effec-
tive lentiGuide-Puro plasmid for mGluR5 knockdown was then packaged
into the lentivirus through cotransfecting with the packaging plasmids
pCMV-VSV-G (catalog #8454, Addgene) and psPAX2 (catalog #12260,
Addgene) into HEK293FT cells. The virus-containing culture medium was
collected after 72 h of culture. The virus was concentrated 100 times using a
Lenti-X concentrator reagent (catalog #631231, Takara Bio), and the viral ti-
ter was determined using a titration reagent (catalog #VPK-112, Cell
Biolabs). The concentrated virus with a titer of 4 x 10" virus particles/ml
was stored at —-80°C until use. We used the pLJM1-EGFP plasmid (catalog
#19319, Addgene) as a negative control to allow monitoring of successtul
transfection in HEK293FT cells and lentivirus preparation. The negative
control virus was made using the pLJM1-EGFP plasmid on the same lenti-
virus-based backbone and was packaged similarly to the mGluR5 gRNA-
containing virus.

Tissue collection, spinal synaptosome preparation, and coimmuno-
precipitation. The mice and rats were decapitated after being anesthe-
tized with 3% isoflurane. The DRGs and the dorsal spinal cord at lumbar
L3-L5 levels were harvested for RNA and protein analyses. Total proteins
of the DRG and dorsal spinal cord tissues used for immunoblotting were
extracted using RIPA lysis buffer (catalog #20-188, Millipore-Sigma). To
isolate the synaptosomal proteins of the spinal cord, the spinal cord tis-
sues were homogenized in ice-cold homogenization buffer containing
0.32 M sucrose, 10 mm HEPES, 2 mm EDTA (pH, 7.4), and a protease in-
hibitor cocktail (catalog #P8340, Millipore-Sigma), as we described pre-
viously (J. Chen et al., 2018; Y. Huang et al., 2020). The homogenate was
centrifuged at 800 x g for 10 min at 4°C to remove insoluble cell debris.
The supernatant was then centrifuged at 13,000 x g for 20 min to obtain
the crude synaptosomes. The synaptosome pellets for immunoblotting
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were solubilized in RIPA lysis buffer with a protease inhibitor cocktail
for 1 h on ice and then centrifuged at 10,000 x g for 15 min at 4°C.
The total proteins and spinal cord synaptosomes used for immuno-
precipitation were solubilized in immunoprecipitation lysis buffer
containing 25 mum Tris-HCI (pH 7.4), 150 mm NaCl, 1 mm EDTA, 1%
NP-40, 5% glycerol (catalog #87788, Fisher Scientific), and a protein-
ase inhibitor cocktail.

For coimmunoprecipitation, proteins were incubated at 4°C overnight
with protein G beads (catalog #16-266, Millipore-Sigma) and a rabbit anti-
mGluR5 antibody (1:500, catalog #AB5675, Millipore-Sigma), rabbit
anti-GluN1 antibody (1:500, catalog #G8913, Millipore-Sigma), rab-
bit anti-MOR antibody (1:500, catalog #AB1580-I, Millipore-
Sigma), or normal rabbit IgG (catalog #12-371, Millipore-Sigma).
All samples were washed 3 times with immunoprecipitation lysis
buffer. The beads were then incubated with 1 x NuPage loading
buffer (catalog #NP0008, Fisher Scientific) with additional 100 mm
DTT (catalog #P2325, Fisher Scientific) and 1% SDS (catalog #71736,
Millipore-Sigma) for 10 min and boiled for 5min. The eluted proteins
were used for further immunoblotting analysis.

Immunoblotting. Immunoblotting was performed as described
previously (Y. Huang et al., 2020; Jin et al., 2022). Briefly, proteins
were separated on 4%-12% SDS NuPage, Bis-Tris gels (catalog
#NP0336BOX, Fisher Scientific) and transferred to PVDF mem-
branes (catalog #IPVH00010, Millipore-Sigma). Membranes were
incubated with primary antibodies overnight at 4°C. This was fol-
lowed by incubation with HRP-conjugated secondary antibodies
(1:5000, anti-rabbit IgG, catalog #7074; anti-mouse IgG, catalog
#7076; Cell Signaling Technology) for 1 h at 22°C. To detect protein
expression levels from coimmunoprecipitation samples, HRP-con-
jugated Trueblot secondary antibodies were used (1:5000, anti-rab-
bit IgG, catalog #18-8816-31; anti-mouse IgG, catalog #18-8817-31,
Rockland Immunochemicals). The membranes were thoroughly washed
after each antibody incubation. Immunoblots were developed with an
enhanced chemiluminescence kit (catalog #34095, Fisher Scientific). The
protein bands were visualized using an Odyssey Fc Imager (LI-COR
Biosciences) and quantified with Image]J software. The primary antibod-
ies included rabbit anti-mGluR5 (1:2000, catalog #AB5675, Millipore-
Sigma), rabbit anti-GluN1 (1:1000, catalog #G8913, Millipore-Sigma),
rabbit anti-MOR (1:1000, catalog #RA10104, Neuromics), mouse anti-
B-actin (1:10,000, catalog #3700, Cell Signaling Technology), mouse
anti-PSD95 (1:10,000, catalog #MABN1190, Millipore-Sigma), mouse
anti-a26-1 (1:1000, catalog #SC-271697, Santa Cruz Biotechnology),
and mouse anti-Cas9 (catalog #14697, Cell Signaling Technology). The
specificity of anti-MOR, anti-GluN1, and anti-a28-1 antibodies has
been validated using KO mice (J. Chen et al, 2018; Sun et al, 2019;
Y. Huang et al., 2020; G. F. Zhang et al,, 2021). For protein quantifica-
tion, the protein band intensity was normalized to that of PSD95 or
B -actin on the same gel.

qPCR. Total RNAs were extracted from the DRG and dorsal spinal
cord tissues with a Trizol reagent (catalog #15596026, Fisher Scientific)
according to the manufacturer’s instructions. cDNA was prepared
with a RevertAid RT Reverse Transcription Kit (catalog #K1691,
Fisher Scientific). Real-time PCR was performed using SYBR
GreenER qPCR SuperMix Universal kit (catalog #01143681, Fisher
Scientific) and a Quant Studio 7 Flex Real-Time PCR System
(Applied Biosystems). The thermal cycling conditions used were as
follows: 1 cycle at 95°C for 5 min, 40 cycles at 95°C for 15 s, 60°C for
15 s, and 72°C for 30 s. Primers specific for both mouse and rat
Grm5 (mouse sequence ID: NM_001081414.2; rat sequence ID:
XM_032893267.1) were as follows: GGAGCACCACCCCAAACT
CT (forward) and GTGGCTCACAACGATGAAGAAC (reverse).
Primers for -actin (mouse sequence ID: NM_007393.5; rat sequence
ID: NM_031144.3) were TACGTAGCCATCCAGGCTGTG (forward)
and CAGCTCATAGCTCTTCTCCAG (reverse). Results are presented
as expression levels relative to controls after normalizing to f-actin
using the comparative C; method.

Nociceptive behavioral tests. To measure the tactile withdrawal
threshold, animals were placed in individual plastic boxes on a mesh floor.
A series of calibrated von Frey filaments was applied perpendicularly to
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the plantar surface of the hindpaw with sufficient force to bend the fila-
ments for 6 s. A brisk paw withdrawal or flinching was considered a posi-
tive response. In the absence of a response, the filament of next greater
force was applied. If a response occurred, the filament of next lower force
was applied. Six consecutive responses from the first change were used to
calculate the withdrawal threshold (in grams) using the “up-down”
method (Chaplan et al., 1994; S. R. Chen et al., 2014a).

The nociceptive mechanical threshold in response to a noxious pres-
sure stimulus was tested with a digital Randall-Selitto paw pressure de-
vice (catalog #2500, IITC Life Science) as described previously (Jin et al.,
2022; J. Zhang et al., 2022). The device was used to gently hold the ani-
mal’s hindpaw, and a constantly increasing force was applied via a
pointed end to the midplantar glabrous surface of the hindpaw. When
the animal displayed a withdrawal response, the device was immediately
stopped, and the threshold was recorded.

To assess thermal nociception, we measured the hindpaw withdrawal
latency using a thermal testing apparatus (catalog #390G, IITC Life
Science), as we described previously (Jin et al,, 2022; Y. Huang et al,
2023). Animals were placed on a glass surface maintained at 30°C and
were acclimated to the device. A mobile radiant heat stimulus was
applied to the plantar surface of the hindpaw until the animal lifted or
licked the hindpaw. The time of hindpaw withdrawal was recorded by a
timer as the thermal withdrawal latency.

Electrophysiological recordings in spinal cord slices. The animals
were anesthetized with 3% isoflurane, and the lumbar spinal cords at the
L4-L6 levels were quickly removed via laminectomy. The animals were
then killed via inhalation of 5% isoflurane followed by rapid decapita-
tion. The spinal cords were immediately put into 95% O, and 5% CO,
presaturated ice-cold ACSF containing the following reagents (in mm):
25 glucose, 234 sucrose, 3.6 KCl, 26 NaHCO;, 1.2 NaH,POy, 2.5 CaCl,,
and 1.2 MgCl,. The spinal cord tissue was then glued onto the stage of a
vibratome and cut into 400-pm-thick transverse slices. The slices were
incubated in Krebs solution containing the following (in mm): 11 glu-
cose, 117 NaCl, 3.6 KCl, 25 NaHCOs, 1.2 NaH,PQO,, 2.5 CaCl,, and 1.2
MgCl, (gassed with 95% O, and 5% CO,) at 34°C for at least 1 h before
recordings. We then placed the spinal cord slices in the recording cham-
ber with continuous perfusion of oxygenated Krebs solution (3 ml/min)
at 34°C.

We identified neurons in the lamina IT outer zone using infrared illu-
mination and differential interference contrast under a microscope.
EPSCs from these neurons were recorded using a whole-cell voltage-
clamp mode at the holding potential of -60 mV as we described previ-
ously (S. R. Chen et al,, 2014a, 2022). A glass pipette electrode (4-7 m{)
was filled with the internal solution containing the following (in mm):
135 K-gluconate, 5 KCl, 2 MgCl,, 0.5 CaCl,, 5 EGTA, 5 HEPES, 0.5 Na,-
GTP, 5Mg-ATP, and 10 lidocaine N-ethyl bromide (QX314; 280-300
mOsm, pH 7.3). QX314 was included in the pipette recording solution
to suppress postsynaptic neuronal firing. EPSCs were evoked by electri-
cal stimulation (0.6 mA, 0.5ms, and 0.1 Hz) of the dorsal root to elicit
glutamate release from primary afferent nerves. Monosynaptic EPSCs of
lamina II neurons were identified based on the constant latency and ab-
sence of conduction failure of evoked EPSCs in response to 20 Hz electri-
cal stimulation (H. Y. Zhou et al, 2010; Y. Huang et al, 2022). To
determine the paired-pulse ratio (PPR), we generated a pair of stimuli at
50 ms intervals to evoke EPSCs. The PPR was expressed as the ratio of
the amplitude of the second synaptic response to the amplitude of the
first synaptic response (Xie et al., 2016; Y. Huang et al., 2020).

All signals were recorded using an amplifier (MultiClamp700B;
Molecular Devices), filtered at 1-2 kHz, and digitized at 10 kHz. AP5 was
purchased from Hello Bio (catalog #HB0225), and MPEP was obtained
from Cayman Chemical (catalog #219911-35-0). AP5 was prepared in
ACSF before slice recordings. MPEP was first dissolved in DMSO and
diluted in ACSF before recordings. All drugs were delivered at their final
concentrations via syringe pumps.

Study design and statistical analysis. All data are expressed as mean =
SEM. The sample sizes used in the study were based on our previous
experience with similar studies (Finnegan et al., 2004; Zhao et al., 2012;
Deng et al., 2019a) and were similar to those generally used in the field.
The animals were randomly assigned (1:1 allocation) to the control and
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Figure 1.

Blocking mGluRS5 at the spinal cord level reduces morphine-induced hyperalgesia and tolerance in rats. 4, Time course of the effect of MPEP on hyperalgesia and tolerance induced

by repeated morphine injections. Nociceptive thresholds and latency were tested before (baseline) and 30 min after (Mor) the first morphine injection every day. Rats were intraperitoneally
injected with morphine (5 mg/kg) twice per day for 7 consecutive days. MPEP (60 f1g) or vehicle (Veh) was intrathecally injected 10 min prior to each morphine injection daily. B, Time course
of the acute effect of morphine on nociception and the effect of cotreatment with MPEP. Nociceptive thresholds and latency were tested at the first morphine injection on day 1 and day 7.
Data are mean == SEM (n = 10 rats per group). *p << 0.05, **p << 0.01, ***p < 0.001 versus day 1 or minute 0. *p < 0.05, *p < 0.01, *p < 0.001 versus respective vehicle control at

the same time (two-way ANOVA followed by Tukey post hoc test).

treatment groups as they become available. No animal died during the
final experiments, and no test for outliers in the data were conducted.
Data were pooled from male and female animals because no sex differ-
ences were found in the degree and time course of morphine-induced
hyperalgesia and tolerance as well as presynaptic NMDAR hyperactiv-
ity in the present study and in our previous work (Deng et al., 2019a;
Sun et al,, 2019; S. R. Chen et al., 2022). The investigators performing
the behavioral (D.J.) and electrophysiological (H.C. and S.-R.C.)
experiments were blinded to the treatment groups. The evoked EPSCs
and PPR were analyzed using Clampfit 10.0 software (Molecular
Devices), and the amplitude of EPSCs was quantified by averaging 6
consecutive currents. Only 1 neuron was recorded from each spinal
cord slice, and at least 4 mice or rats in each condition were used for
recordings. Two-tailed Student’s  tests were used to determine the dif-
ferences between two groups. One-way and two-way ANOVA followed
by Tukey post hoc tests were used to compare >2 groups. All statistical
analyses were performed using Prism software (version 9; GraphPad
Software). p values of <0.05 were considered statistically significant.

Results

mGluRS5 at the spinal cord level promotes hyperalgesia and
tolerance induced by prolonged treatment with morphine

To determine whether mGIuR5 at the spinal cord level plays a
role in both hyperalgesia and tolerance induced by prolonged
morphine treatment, we administered morphine (5mg/kg, i.p.,
twice per day) to adult rats for 7 consecutive days. We intrathe-
cally injected MPEP (60 pig) or MPEP-free vehicle 10 min before
each morphine injection. We examined the withdrawal thresh-
olds or latency in response to a light touch stimulus, a noxious
pressure stimulus, and a radiant heat stimulus 30 min before
(baseline) and 30min after the first morphine injection daily.
Daily morphine administration in vehicle-treated rats caused a
gradual reduction of the baseline withdrawal thresholds and la-
tency, indicating the presence of mechanical and thermal hyper-
algesia (n = 10 rats per group, Fig. 1A). These rats also showed a

gradual decrease in the antinociceptive effect of morphine, indi-
cating the development of analgesic tolerance (Fig. 14). By com-
parison, cotreatment with MPEP substantially attenuated the
reduction in baseline withdrawal thresholds and latency and in
the analgesic effect of morphine (Fig. 1A).

We also determined how cotreatment with MPEP affects the
acute analgesic effect of morphine on the first and seventh days
of morphine administration. The thresholds and latency were
tested before the first morphine injection. Morphine treatment
had a transient analgesic effect, which was reflected by increases
in the pressure withdrawal threshold, tactile withdrawal thresh-
old, and thermal withdrawal latency on both days 1 and 7. The
analgesic effect reached a peak at 30 min and gradually returned
to the baseline level (n = 10 rats per group, Fig. 1B). Treatment
with MPEP (60 pg) 10min before each morphine injection
potentiated the withdrawal thresholds and latency increased by
morphine on both days 1 and 7 (Fig. 1B). These results suggest
that mGIluR5 at the spinal cord level antagonizes the opioid anal-
gesic effect and promotes the development of opioid-induced
hyperalgesia and tolerance.

Increased mGluR5 activity mediates glutamatergic input
from primary afferent terminals to dorsal horn neurons
augmented by morphine treatment

Increased glutamatergic input from primary sensory neurons to
spinal dorsal horn neurons is critically involved in opioid-
induced hyperalgesia and tolerance (H. Y. Zhou et al,, 2010;
Zhao et al., 2012; Deng et al., 2019b; S. R. Chen et al,, 2022). We
next determined whether mGluR5 plays a role in augmented glu-
tamatergic input from primary afferent nerves to spinal dorsal
horn neurons induced by repeated morphine treatment. To this
end, rats were treated with morphine (5mg/kg, i.p., twice per
day) or vehicle for 7d. The lumbar spinal cords were removed
for electrophysiological recordings at the end of the treatment.
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MPEP represent monomeric and dimeric mGluR5,
T respectively (Romano et al., 1996; D. P. Li et
al, 2014). However, only the monomeric
mGluR5 band at 130 kDa was detected in
the DRG (Fig. 3A). The mGluR5 protein
level in the DRG was significantly lower
in morphine-treated mice than in vehicle-
treated mice (1= 6 mice per group; ;o) =
3.945, p=10.028). By contrast, both mono-
meric and dimeric mGIuR5 protein levels
were significantly higher in the spinal cords
from morphine-treated mice than from ve-
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hicle-treated mice (n=6 mice per group;
tao) = 10.38, p<<0.0001 in dimers; t;0) =
9.943, p < 0.0001 in monomers; Fig. 34,B).
To confirm the effect of the MOR agonist
on mGluR5 expression, we treated another
group of mice with fentanyl (0.1 mg/kg,

o
o
o
o

Vehicle Morphine Vehicle

Figure 2.

**¥p < 0.001; two-way ANOVA followed by Tukey post hoc test.

The baseline amplitude of EPSCs in spinal lamina II neurons
monosynaptically evoked from the dorsal root was signifi-
cantly greater in morphine-treated rats (n=12 neurons)
than in vehicle-treated rats (n = 15 neurons; 583.5 & 48.45 vs
378.0 + 16.78 pA, F(,,5 = 48.65, p<0.001; Fig. 2). Bath
application of 10 um MPEP for 6 min did not change the am-
plitude of monosynaptically evoked EPSCs in lamina II neu-
rons from vehicle-treated rats. By contrast, application of
MPEP rapidly decreased the amplitude of evoked EPSCs in
lamina II neurons from morphine-treated rats (Fig. 2).

The PPR of monosynaptically evoked EPSCs of lamina II
neurons was significantly lower in morphine-treated rats (n =11
neurons) than in vehicle-treated rats (n =14 neurons; F(; 45) =
5.463, p=0.038; Fig. 2). In lamina II neurons from morphine-
treated rats, bath application of 10 um MPEP for 6 min signifi-
cantly inhibited the first evoked EPSCs more than the second
evoked EPSCs, resulting in an increase in the PPR of evoked
EPSCs. However, MPEP had no effect on the PPR of evoked
EPSCs in lamina II neurons from vehicle-treated rats (Fig. 2).
Together, these findings suggest that prolonged opioid treatment
increases mGluR5 activity at primary afferent central terminals,
which augments and/or maintains glutamatergic input from pri-
mary afferent nerves to spinal dorsal horn neurons.

Opposite effects of repeated treatment with opioids on
mGluR5 protein levels in the DRG and spinal cord

To determine how repeated morphine exposure affects mGluR5
protein levels in the DRG and spinal cord, we collected lumbar
DRGs and dorsal spinal cord tissues from mice that had been
repeatedly treated with morphine (10 mg/kg, i.p., twice per day)
or vehicle for 8 consecutive days (Zhao et al., 2012; Sun et al,,
2019). Immunoblotting showed that in the spinal cord, mGluR5
had 2 protein bands at 130 and 260 kDa (Fig. 3A), which

Inhibiting mGIuR5 activity reduces glutamatergic input to the spinal cord that was increased by repeated mor-
phine treatment in rats. A, B, Representative current traces (4) and quantitative data (B) show the effect of bath application
of MPEP (10 wm) on the amplitude of evoked EPSCs and the PPR of evoked EPSCs in lamina Il neurons from rats treated
with vehicle (n = 15 neurons for EPSCs; n = 14 neurons for PPR) or morphine (n = 12 neurons for EPSCs; n = 11 neurons
for PPR). Two-way ANOVA showed a significant interaction between MPEP effect and morphine treatment for the amplitude
(Fio.75) = 3.866, p = 0.0252) and PPR (F(; 46) = 13.78, p = 0.023) of evoked EPSCs in lamina Il neurons. Vehicle or mor-
phine (5 mg/kg) was intraperitoneally injected twice per day for 7 consecutive days. Recordings were obtained from 4 rats
per group. Monosynaptic EPSCs were elicited by electrical stimulation of the dorsal root. Data are mean = SEM. *p << 0.05;

i.p., twice per day) for 8 consecutive days
(Sun et al.,, 2019). Like morphine, fentanyl
treatment also decreased the monomeric
mGluR5 protein level in the DRG (n=6
mice per group; f;) = 3.388, p=10.0069)
but increased monomeric and dimeric
mGluR5 protein levels in the spinal
cord (n=6 mice per group; tig = 3.577,
p=0.005 in dimers; t;0 = 4.921, p=
0.0005 in monomers; Fig. 3D,E). We then
used real-time PCR to examine whether
prolonged treatment with MOR agonists
alters the mRNA level of mGluRS5 in the DRG and spinal cord in
mice. Neither morphine nor fentanyl significantly changed the
mGluR5 mRNA levels in the DRG or spinal cord (n = 8 mice per
group; Fig. 3C,F).

To determine whether the effect of prolonged opioid treat-
ment on mGIuR5 protein levels in the DRG and spinal cord is
species-specific, we next used rats to examine how repeated mor-
phine administration changes mGluR5 protein levels in the DRG
and spinal cord. Rats were treated with morphine (5 mg/kg, i.p.,
twice per day) for 7 consecutive days. As in mice, both mono-
meric and dimeric mGluR5 proteins were detected in the spinal
cord, but only monomeric mGluR5 was present in the rat DRG
(Fig. 3G). Morphine treatment significantly decreased mGluR5
protein levels in the DRG (n=6 rats per group; f9) = 5.125,
p=0.0004) and increased monomeric and dimeric mGluR5 pro-
tein levels in the spinal cord (n = 6 rats per group; t(10) = 11.74,
P <0.0001 in dimers; t;9) = 4.304, p = 0.0016 in monomers; Fig.
3G,H). Also, treatment with morphine had no effect on the
mGIuR5 mRNA level in the DRG or spinal cord (n =6 mice per
group; Fig. 3I). Together, the divergent effect of prolonged
opioid treatment on mGluR5 protein levels likely results from
augmented mGluR5 protein trafficking from the DRG to the spi-
nal cord.

Morphine

Morphine treatment potentiates the mGluR5-NMDAR
interaction and NMDAR synaptic trafficking in the spinal
cord

Increased presynaptic NMDAR activity in the spinal cord is crit-
ically involved in opioid-induced hyperalgesia and tolerance
(Zhao et al., 2012; Deng et al,, 2019b; S. R. Chen et al., 2022). A
major gap of knowledge concerns the signaling mechanisms re-
sponsible for opioid-induced NMDAR hyperactivity in the spinal
cord. Functional interaction between mGluR5 and NMDARs has
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Figure 3.  Repeated treatment with morphine or fentanyl produces a divergent effect on mGIuR5 protein levels in the DRG and spinal cord in mice and rats. 4, B, Representative blotting

images (4) and quantification (B) show mGIuR5 protein levels in the DRG and spinal cord from morphine-treated mice (n = 6 mice per group). D, E, Representative blotting images (D) and
quantification () show mGIuR5 protein levels in the DRG and spinal cord from fentanyl-treated mice (n = 6 mice per group). G, H, Representative blotting images (G) and quantification (H)
show mGIuR5 protein levels in the DRG and spinal cord from morphine-treated rats (n = 6 rats per group). C, F, I, The mGIuR5 mRNA levels in the DRG and spinal cord from morphine- (C) or
fentanyl (F)-treated mice (n = 8 mice per group), and morphine-treated rats (/, n = 6 rats per group). Mice were intraperitoneally injected with morphine (Mor, 10 mg/kg), fentany! (F, 0.1
mg/kg), or vehicle (Veh, V) twice per day for 8 d. Rats were intraperitoneally injected with morphine (5 mg/kg) or vehicle twice per day for 7 d. /3-actin was used as a loading control. Data

are mean £ SEM. *p < 0.05; **p < 0.01; ***p << 0.001; two-tailed Student ¢ test.

been shown in the brain (Choe et al., 2006; D. P. Li et al.,
2014). We therefore determined whether prolonged opioid
treatment augments the physical interaction of mGluR5 with
NMDARSs in the spinal cord. To this end, we obtained synap-
tosomes from the dorsal spinal cord of rats treated with vehi-
cle, morphine, or morphine plus MPEP. The synaptosomal
proteins (input) and proteins precipitated by using an anti-
mGluR5 antibody were used for immunoblotting analysis of
mGluR5 and GluN1, an obligatory subunit of NMDARs
(Traynelis et al., 2010). Repeated morphine treatment signifi-
cantly increased monomeric and dimeric mGluR5 protein lev-
els in the synaptosomes (n =6 rats per group; F, 15 = 5.742,
p=0.0193 in dimers; F(5,5) = 2.493, p =0.0082 in monomers;
Fig. 4A). Morphine treatment also significantly increased
GluN1 protein levels in the synaptosomes of the spinal cord
(n=6 rats per group; F15 = 5.583, p=0.0195; Fig. 4A).
Cotreatment with MPEP did not significantly affect mGluR5
protein levels in the synaptosomes. However, cotreatment
with MPEP significantly reduced the increased GluN1 protein
levels in spinal synaptosomes from rats treated with morphine
(n=6 rats per group; F(, 5 = 5.583, p=0.0466; Fig. 4A).
These results suggest that increased mGluR5 activity mediates
opioid-augmented synaptic expression of NMDARs in the spi-
nal cord.

Coimmunoprecipitation analysis using an anti-mGluR5 anti-
body showed that repeated morphine treatment significantly
increased the amount of GluN1 proteins in the mGluR5 precipi-
tates of the spinal synaptosomes (n =6 rats per group; F(;15) =
8.15, p=0.0043; Fig. 4A). Cotreatment with MPEP markedly
reversed the amount of mGIuR5-GluN1 protein complexes in
the spinal synaptosomes increased by repeated morphine treat-
ment (n=6 rats per group; F 15 = 8.15, p=0.0236; Fig. 4A).
These findings suggest that, via increasing mGluR5 activity, pro-
longed opioid treatment potentiates the mGluR5-NMDAR
interaction in the spinal cord to promote synaptic NMDAR
expression.

NMDARs directly interact with mGluRS5 in the spinal cord
but not monomeric mGluR5 in the DRG

In the above experiments, we found that mGIluR5 proteins were
present in monomeric and dimeric forms in the spinal cord.
However, it was unclear whether monomeric or dimeric
mGIuR5 proteins interact with NMDARs. We used synaptoso-
mal proteins from dorsal spinal cords to conduct reverse coim-
munoprecipitation by using an anti-GluN1 antibody. Both
dimeric and monomeric mGluR5 proteins were detected in the
GluN1 precipitates from vehicle-treated and morphine-treated
rats (Fig. 4B).
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Figure 4. Inhibiting mGIuR5 activity reduces the mGluR5—NMDAR interaction and NMDAR synaptic trafficking in spinal cords from rats treated with morphine. A, Representative blotting

images and quantification show the effects of MPEP on the protein levels of GluN1 and GIuNT-mGIuR5 complexes in the spinal cord synaptosome. Rats were intraperitoneally injected with mor-
phine (Mor or M, 5 mg/kg, twice per day) or vehicle (Veh) for 7 consecutive days (n = 6 rats per group). MPEP (60 g) or vehicle was intrathecally injected 10 min prior to each morphine
injection daily. Synaptosomal proteins from the dorsal spinal cord were extracted for coimmunoprecipitation with an anti-mGIuR5 antibody. PSD95, a synaptic protein, was used as a loading
control. B, Coimmunoprecipitation blotting images show that both dimeric and monomeric mGIuR5 were detected in the GIuN1 precipitates of spinal cords. Synaptosomal proteins from dorsal
spinal cords of vehicle-treated and morphine-treated rats were extracted for immunoprecipitation with an anti-GluN1 antibody. €, Coimmunoprecipitation blotting images show that GIuN1
interacted with @26 -1, but not mGluR5, in the DRG. Total proteins from DRG tissues were extracted for immunoprecipitation with an anti-GIuN1 or anti-26 -1 antibody. D, E, Representative
coimmunoprecipitation blotting images show that MOR proteins were not detected in the mGluR5 precipitates in the DRG (D) or spinal cord (E). Total proteins from rat DRG and dorsal spinal
cord tissues were extracted for immunoprecipitation with an anti-mGIuR5 antibody and immunoblotting with an anti-MOR antibody. Reverse coimmunoprecipitation was also conducted with
an anti-MOR antibody for immunoprecipitation and an anti-mGIluR5 antibody for immunoblotting. Rats were intraperitoneally injected with morphine (5 mg/kg, twice per day) or vehicle for 7
consecutive days. Data are mean = SEM. *p << 0.05; **p < 0.01; one-way ANOVA followed by Tukey post hoc test.

Because only monomeric mGluR5 existed in the DRG
(Fig. 3), we determined whether the monomeric mGIuR5 physi-
cally interacts with NMDARs. We collected lumbar DRGs from
rats and extracted total proteins for coimmunoprecipitation by
using an anti-GluN1 antibody. However, immunoblotting did
not detect any mGluR5 protein bands in the GluN1 precipitates
from the rat DRG tissues (Fig. 4C). a26-1 directly interacts with
NMDARSs via its C terminus, an intrinsically disordered protein
region (J. Chen et al, 2018; Y. Chen et al., 2019). The a26-1-
NMDAR interaction in the spinal cord and brain has been dem-
onstrated previously (Y. Huang et al, 2020; J. J. Zhou et al.,
2021a). As a positive control, we detected an @26 -1 protein band
in the GluN1 precipitates from the DRG (Fig. 4C). These results
indicate that NMDARs physically interact with mGluR5 in the
spinal cord but not monomeric mGluR5 in the DRG.

Endogenous mGluR5 and MOR proteins do not physically
interact in the DRG or spinal cord

The above experiments showed that increased mGIluR5 activity
plays a key role in opioid-induced hyperalgesia and augmented
glutamatergic input from primary afferent nerves to the spinal
dorsal horn (Figs. 1 and 2). We next attempted to define how
MOR stimulation increases mGIluR5 activity or trafficking.
mGluR5 and MOR proteins seem to interact when they are over-
expressed in HEK293 cells (Schroder et al., 2009). We deter-
mined whether mGluR5 interacts with MORs in vivo by using
coimmunoprecipitation. In the mGIuR5 precipitates, no MOR-
immunoreactive band was detected in either the DRG or spinal

cord tissues from vehicle- and morphine-treated mice (Fig.
4D,E). Furthermore, in the reverse coimmunoprecipitation
assay using a specific MOR antibody, no mGluR5 immunore-
activity was present in the MOR precipitates in either the
DRG or spinal cord tissues (Fig. 4D,E). Thus, these data indi-
cate that mGluR5 and MOR proteins do not directly interact
in the DRG or spinal cord.

Validation of lentiviral vectors expressing mGluR5-specific
gRNA in vitro and in vivo

Because intrathecally administered agents readily access
both the DRG and spinal cord neurons (Cai et al., 2009), it
is not possible to differentiate the role of mGluR5 in the
DRG and spinal cord in opioid-induced hyperalgesia and
tolerance in this way. To specifically determine the role of
mGluR5 expressed in primary sensory neurons in the devel-
opment of opioid-induced hyperalgesia and tolerance, we
produced mice with conditional mGluR5 knockdown in
DRG neurons using a Clustered Regularly Interspaced Short
Palindromic Repeats (CRISPR)-Cas9 approach. To this end, we
cloned 4 mGIuR5 gRNAs, each of which targeted a different
location in the mouse mGluR5 gene (Grmb5), into lentiGuide-
Puro plasmids. These gRNA-containing plasmids were then
cotransfected with a pcDNA6 plasmid containing the complete
mouse Grm5 coding sequence and lentiCas9-EGFP plasmids
in HEK293FT cells. After 3d of coincubation, the cells were
collected for immunoblotting analysis with an anti-mGluR5
antibody. All four gRNAs markedly reduced monomeric and
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Figure 5.

Validation of the mGIuR5 gRNA and CRISPR-Cas9—induced mGIuRS ablation in vitro and in vivo. A, Representative blotting images show the effect of four different mGIuR5 gRNAs

on mGluR5 protein levels in a cell line. HEK293FT cells were cotransfected with an mGIuR5-pcDNA6 plasmid (mGIuR5), a lenti-Cas9 plasmid (Cas9), and lentiGuide-Puro plasmids containing
four different mGIuRS gRNAs. After 3 d of coincubation with the plasmids, the cells were collected, and proteins were extracted for immunoblotting analysis. B, Representative blotting images
show the effect of the mGIuR5 gRNA-expressing lentivirus on mGIuR5 protein levels in a cell line. HEK293FT cells were cotransfected with an mGluR5-pcDNA6 plasmid and lenti-Cas9 plasmid.
On the second day, the cells were washed, and the medium was refreshed. The packaged lentivirus containing mGIuR5 gRNA or nonpackaged gRNA alone (BL) was added to the cell culture
medium. Three days later, the cells were collected, and proteins were extracted for immunoblotting analysis. , Representative blotting images show the Cas9 proteins were detected in the
DRG, but not the spinal cord, in Avif™®' ™ ::Cas9"™ * mice. Total proteins were extracted for immunoblotting analysis to confirm Cas9 expression. D, Representative blotting images and quantifi-
cation show the differential effect of the mGIuR5 gRNA-expressing lentivirus on mGIuRS protein levels in the DRG and dorsal spinal cords from Avi™ ™ ::Cas9™™ ™ mice. The mGIuRS gRNA-
expressing lentivirus or control lentivirus (Cont) was injected intrathecally in conditional Cas9 knock-in (Avi”/*:Cas9"™*) mice. After 20 d, the DRG and dorsal spinal cords were obtained,
and total proteins and synaptosomal (Syn) proteins were extracted for immunoblotting analysis of mGIuRS expression (n = 6 mice per group). Data are mean = SEM. ***p << 0.001 (two-

tailed Student ¢ test).

dimeric mGluR5 protein levels in the presence of Cas9 (Fig.
5A). Because the #4 mGluR5 gRNA was the most effective one,
it was selected and used for the following experiments.

We packaged the lentiGuide-Puro plasmid containing #4
gRNA (sequence and location in mouse Grm5: 4453-CGG
CCATCGAGGTGACCGG-4471) into a lentivirus through
cotransfection with packaging plasmids in HEK293FT cells.
Three days later, the medium containing the virus was col-
lected. The medium from HEK293FT cells that had been
transfected with the mGluR5 gRNA plasmid, but without
packaging plasmids, was also collected as a no-virus con-
trol. To determine the efficacy of the mGluR5 gRNA-con-
taining lentivirus, we cotransfected mGluR5-pcDNA6 and
lentiCas9 plasmids into new HEK293FT cells to express
mGluR5 and Cas9. On the second day, the cells were
washed, and the medium was replaced with fresh medium. The
mGluR5 gRNA lentivirus-containing medium or no-virus con-
trol medium were directly added to these cells. After 3d of co-
culture, the cells were collected to examine mGIuR5 protein
levels. Only coculture with well-packaged gRNA-containing
lentivirus reduced mGIuR5 expression (Fig. 5B). These results
confirmed the successful construction of an active mGluR5
gRNA-containing lentivirus.

We next determined the effect of this mGluR5 gRNA-express-
ing lentivirus on mGluR5 expression in the DRG and spinal cord.
Cas9 proteins were detected in the DRG, but not spinal cord,
obtained from Avil®"™::Cas9™¥* mice (Fig. 5C). Thus, the

Avil®™" :Cas9™ " mice were considered to have conditional
Cas9 knock-in in DRG neurons. We then intrathecally injected
mGIuR5 gRNA-expressing lentivirus or negative control virus
into Avil“"®*::Cas9™" mice at the lumbar spinal level. Twenty
days later, the DRG (L4-L6) and dorsal lumbar spinal cords were
obtained from the mice, and the total proteins and synaptosomal
proteins were extracted for immunoblotting analysis. The
mGluR5 gRNA-expressing lentivirus diminished mGluR5 pro-
tein levels in the DRG compared with the control virus (n =9
mice per group; tq = 9.277, p < 0.0001; Fig. 5D). In the spinal
cord, monomeric or dimeric mGIuR5 protein levels did not dif-
fer significantly between mice injected with the mGluR5
gRNA-expressing virus and those injected with the control vi-
rus. However, injection of the mGluR5 gRNA-expressing virus
markedly decreased dimeric mGluR5 protein levels in spinal
cord synaptosomes (n=6 mice per group; f;y = 10.16,
p <0.001; Fig. 5D). These data indicate that intrathecal delivery
of mGIluR5 gRNA using the lentivirus in Avil™™'*::Cas9™*"
mice effectively diminishes mGIuR5 expression in the DRG and
synaptic expression of mGluR5 dimers at primary afferent ter-
minals in the spinal cord.

Conditional mGluR5 knockdown in DRG neurons
diminishes synaptic expression of mGluR5 and NMDARs in
the spinal cord increased by morphine treatment

Given our finding that treatment with morphine increased
mGIuR5 trafficking from the DRG to spinal cord, we used
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expression of mGIuR5 and NMDARs in the spinal cord. A-D, Representative blotting images (4) and quantification
(B-D) show the effect of morphine treatment on protein levels of mGIuR5 and GIuN1 in spinal cord synaptosomes
from mGIuR5-cKD mice and control lentivirus (Cont) injected mice. Two-way ANOVA showed a significant interaction
between mGluR5-cKD and morphine treatment (F(; 5 = 8.058, p = 0.0101 in B; F(; 20) = 4.985, p = 0.0372in C;
and Fg. 50 = 27.91, p < 0.0001 in D). mGIuR5-cKD mice were generated by intrathecal injection of lentiviral vectors
expressing mGIuR5-specific gRNA in conditional Cas9 knock-in (Avi™® ™ ::Cas9™ ) mice. After 20 d, mGIuR5-cKD mice
and control lentivirus (Cont) injected Avil"®* :Cas9™ " mice were intraperitoneally injected with morphine
(Mor, 10 mg/kg, twice per day) or vehicle (Veh) for 8 consecutive days. Dorsal lumbar spinal cord tissues were collected,
and synaptosomal proteins were used for immunoblotting analysis of mGIuR5 and GIuNT. PSD95, a synaptic protein,
was used as a loading control. Data are mean % SEM (n = 6 mice per group). **p << 0.01; ***p << 0.001; two-way

ANOVA followed by Tukey post hoc test.

CRISPR-Cas9-induced conditional mGluR5 knockdown
(mGluR5-cKD) mice to determine whether mGluR5 pro-
duced in DRG neurons plays a role in synaptic trafficking
of mGluR5 and NMDARs in the spinal cord potentiated by
morphine treatment. We intrathecally injected Avil™'*::
Cas9"'°** mice with the mGluR5 gRNA-expressing lentivi-
rus or negative control lentivirus at the lumbar level. Twenty
days later, the mGIluR5-cKD mice and mice injected with
control virus were treated with morphine (10 mg/kg, i.p.,
twice per day) for 8 d. The mice were then killed, and dorsal
lumbar spinal cords were collected. Immunoblotting analysis
of spinal synaptosomes showed that morphine treatment sig-
nificantly increased GIuN1 protein levels in control virus-
treated mice (n = 6 mice per group, F(j 20) = 34.53, p < 0.0001;
Fig. 6A,B). mGluR5-cKD did not alter GluN1 levels in the
spinal synaptosomes obtained from vehicle-treated mice.
However, mGluR5-cKD blocked the potentiating effect of mor-
phine treatment on GluN1 protein levels in the spinal synapto-
somes (n=6 mice per group). Furthermore, mGluR5-cKD
significantly decreased dimeric mGluR5 protein levels in the
spinal synaptosomes from vehicle-treated mice (1 =6 mice per
group, F( 50y = 213.7, p <0.0001). Remarkably, repeated treat-
ment with morphine significantly increased monomeric and
dimeric mGIuR5 protein levels in the spinal synaptosomes
from control virus-treated mice (F(; 50y = 27.66, p < 0.0001 in

monosynaptically evoked from the dorsal root in
control lentivirus-treated mice (n = 15 neurons)
compared with mice that received morphine-
free vehicle plus control lentivirus (n=16
neurons; F(; g7 = 17.891, p=0.0022; Fig. 7).
CRISPR-Cas9-induced mGluR5-cKD (n=15
neurons) normalized the morphine treatment-
elevated baseline amplitude of monosynapti-
cally evoked EPSCs of lamina II neurons to the
level of the vehicle-treated group. NMDAR-
mediated EPSCs of lamina II neurons were
assessed using AP5, a specific NMDAR antag-
onist. Bath application of 50 um AP5 for 6 min markedly
reduced the morphine-elevated amplitude of monosynapti-
cally evoked EPSCs of lamina II neurons from control lentivi-
rus-injected mice. However, AP5 had no such effect on
evoked EPSCs of lamina II neurons from mGluR5-cKD mice
treated with morphine (Fig. 7).

To determine the presynaptic action of mGluR5-cKD,
we also examined the PPR of monosynaptically evoked
EPSCs in spinal dorsal horn neurons from morphine-
treated mice. Compared with vehicle-treated mice (n=16
neurons), treatment with morphine in control lentivirus-
injected mice (n =15 neurons) significantly increased the
first evoked EPSCs more than the second evoked EPSCs,
resulting in a decrease in the PPR of evoked EPSCs in lam-
ina IT neurons (F(; 55y = 7.242, p = 0.0248; Fig. 7). This mor-
phine-induced decrease in the PPR of evoked EPSCs was
not observed in neurons from mGluR5-cKD mice (Fig. 7).
Furthermore, bath application of 50 um AP5 rapidly reversed
this morphine treatment-induced PPR decrease in lamina II
neurons in control lentivirus-injected mice. By contrast, AP5
had no such effect in mGluR5-cKD mice treated with mor-
phine (Fig. 7). Together, these findings suggest that mGluR5
expressed in DRG neurons is required for presynaptic NMDAR
hyperactivity and the associated increase in glutamatergic input
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from primary afferents to spinal dor-
sal horn neurons induced by opioid
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Last, we determined whether mGluR5
expressed in DRG neurons plays a role
in morphine-induced hyperalgesia and
tolerance. Avil“™™*:Cas9"™™* mice were
intrathecally injected with lentiviral vec-
tors expressing mGluR5-specific gRNA
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morphine (10 mg/kg, i.p., twice per
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effect of the first morphine injection
was also tested on the first and eighth
days. Before starting morphine treat-
ment, the baseline pressure and tactile
withdrawal thresholds and thermal with-
drawal latency did not differ significantly
between mGluR5-cKD mice (n=9
mice) and control lentivirus-injected
mice (n =7 mice, Fig. 84).

As in rats (Fig. 1), daily morphine treat-
ment in control lentivirus-injected mice
caused a gradual reduction in the base-
line mechanical withdrawal thresholds
and thermal withdrawal latency meas-
ured before daily morphine injection,
indicating the presence of hyperalgesia. Daily morphine treat-
ment in control lentivirus-injected mice also caused a gradual
decrease in the acute analgesic effect of morphine (n=7 mice,
Fig. 84), indicating the development of analgesic tolerance. In
mGluR5-cKD mice (n=9 mice), although there was a gradual
reduction over time in the pressure and tactile withdrawal
thresholds and thermal latency at the baseline level, the baseline
withdrawal thresholds and latency were significantly higher than
in control lentivirus-injected mice on the same days (Fig. 8A).
Furthermore, the reduction in the acute analgesic effect of mor-
phine was significantly less in mGluR5-cKD mice than in control
lentivirus-injected mice (Fig. 8A).

Morphine treatment in control lentivirus-injected mice pro-
duced a transient increase in pressure and tactile withdrawal thresh-
olds and thermal latency when tested on the first and eighth day.
These acute analgesic effects of morphine were greater in mGIuR5-
c¢KD mice (n=9 mice) than in control lentivirus-injected mice
(n="7 mice, Fig. 8B). These results suggest that mGluR5 from DRG
neurons counteracts the opioid analgesic effect and promotes the
development of opioid-induced hyperalgesia and tolerance.

Figure 7.

Discussion
Our study reveals that mGIuR5 from primary sensory neurons
mediates opioid-induced hyperalgesia and tolerance. In the

Morphine+
control virus

Vehicle
control

Morphine+  Morphine+
control virus  mGIuR5-cKD

Morphine+
mGIluR5-cKD

Conditional mGIuR5 knockdown in DRG neurons eliminates NMDAR-mediated glutamatergic input from primary
afferents to the spinal cord that was increased by morphine treatment. A, B, Representative current traces (4) and quantifica-
tion (B) show EPSCs evoked monosynaptically from dorsal root stimulation and PPR of evoked EPSCs in lamina Il neurons from
mice injected with mGIuR5 gRNA-expressing lentivirus (mGIuR5-cKD) or control virus and then subjected to treatment with ve-
hicle (n = 16 neurons) or morphine (n = 15 neurons in both mGIuR5-gRNA lentivirus and control lentivirus groups). Two-way
ANOVA showed a significant interaction between mGIuR5-cKD and AP5 treatment for the amplitude (F25) = 1877, p <
0.001) and PPR (Fy 14 = 13.78, p = 0.0023) of evoked EPSCs. Conditional Cas9 knock-in (Avi”® ™ ::as9™ ™) mice were in-
trathecally injected with mGIuRS gRNA-expressing lentivirus (mGIuR5-cKD) or control virus. After 20 d, these mice were intra-
peritoneally injected with morphine (10 mg/kg, twice per day) for 7 d. Recordings were obtained from 4 mice per group.
Monosynaptic EPSCs were elicited by electrical stimulation of the dorsal root. Data are mean == SEM. *p << 0.05; **p < 0.01;
**¥p < 0.001; two-way ANOVA followed by Tukey post hoc test.

present study, we found that intrathecally injected MPEP
attenuated both hyperalgesia and tolerance caused by pro-
longed morphine treatment, suggesting an important role of
mGluR5 at the spinal level in these opioid adverse effects. To
specifically determine the contribution of mGIuR5 originating
from DRG neurons, we used a CRISPR-Cas9-mediated gene
editing strategy to induce conditional mGluR5 knockdown in
DRG neurons. We first generated Avil®™ ™:Cas9¥lox/Flox
mice in which Cas9 was expressed in DRG neurons. We
then intrathecally injected lentiviral vectors expressing a
validated mGluR5-specific gRNA to induce conditional
mGluR5 knockdown in DRG neurons. Because Cas9 is not
expressed in the spinal cord of Avil“™™:Cas9™¥/F°X mice,
the gRNA injected intrathecally selectively ablated mGluR5
in DRG neurons. The advantage of this approach is that it
circumvents unintended ectopic gene KO caused by Cre
expression in other cells/tissues of Avil“"™ ™ mice, such as the
sympathetic ganglion (Hunter et al., 2018). Intrathecal
administration of lentiviral vectors transfects ~94% DRG
neurons (L. Li et al., 2016). Also, Avil" " -induced gene KO
occurs in ~84% of DRG neurons (Zappia et al., 2017), which
accounts for the incomplete removal of mGluR5 in the DRG
produced by the CRISPR-Cas9 approach. Like MPEP, condi-
tional mGIuR5 knockdown in DRG neurons reduced mor-
phine-induced hyperalgesia and tolerance. Further evidence
of the involvement of mGluR5 from primary sensory neurons
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Figure 8.  Conditional mGIuR5 knockdown in DRG neurons attenuates hyperalgesia and tolerance induced by repeated morphine treatment. 4, Time course of the effect of conditional knock-

down of mGIuRS (mGIuR5-cKD) in DRG neurons on morphine-induced hyperalgesia and tolerance. Nociceptive thresholds and latency were tested before (baseline) and 30 min after the first
morphine injection (Mor) daily. B, Time course of the acute analgesic effect produced by the first morphine injection on day 1 and day 8 in CRISPR/Cas9-mediated mGIuRS-cKD mice and control
mice treated with repeated morphine injections. mGluR5-cKD mice were generated by intrathecal injection of lentiviral vectors expressing mGluR5-specific gRNA in conditional Cas9 knock-in
(Avif™®' " ::as9™ ) mice. Twenty days later, mGIuR5-cKD mice (n = 9 mice) and Avil™®' " ::Cas9™* mice injected with a control virus (1 = 7 mice) were intraperitoneally injected with
morphine (10 mg/kg, twice per day) for 8 consecutive days. Data are mean = SEM. *p << 0.05, **p << 0.01, ***p << 0.001 versus day 1 or minute 0. p < 0.05, *p < 0.01, *p < 0.001
versus respective control groups at the same time (two-way ANOVA followed by Tukey post hoc test).

in opioid-induced hyperalgesia and tolerance was provided by
studies using chemical ablation of TRPV1-expressing neurons.
Ablating TRPV1-expressing neurons not only potentiates the
opioid analgesic effect but also diminishes opioid-induced
LTP in the spinal cord, hyperalgesia, and tolerance (S. R. Chen
and Pan, 2006; S. R. Chen et al,, 2007; H. Y. Zhou et al., 2010).
Because mGluR5 is coexpressed with TRPV1 in DRG neu-
rons (Kim et al., 2009), ablating TRPV1-expressing neurons
likely eliminates mGluR5 in DRG neurons and their afferent
terminals, thereby attenuating opioid-induced hyperalgesia
and tolerance.

A salient finding of our study is that prolonged opioid expo-
sure promotes anterograde trafficking of mGluR5 from DRG
neurons to their afferent terminals in the spinal cord. Trafficking
of Group I mGluRs (mGluR1 and mGluR5) plays crucial roles in
controlling the precise spatiotemporal localization and activity of
these receptors, both of which are important for proper down-
stream signaling (Ojha et al, 2022; Scheefhals et al.,, 2023).
mGluRS5 is trafficked to synapses and plasma membranes of neu-
rons in response to various stimuli (D. P. Li et al., 2014; Bodzeta
et al.,, 2021). mGluR5 is expressed in DRG neurons and the spi-
nal dorsal horn (Hudson et al., 2002). In the superficial dorsal
horn, mGluR5 is present predominantly at primary afferent ter-
minals (Valerio et al., 1997; Aronica et al., 2001). In the present
study, we found that conditional mGIuR5 knockdown in DRG
neurons markedly reduced dimeric mGluR5 levels in spinal syn-
aptosomes, suggesting that DRG neurons likely synthesize
mGIuR5 and provide a major reservoir of mGluR5 proteins for
the anterograde transport to primary afferent central terminals.
Similarly, conditional KO of Oprm1, Oprdl, or Grinl in DRG
neurons also reduces the expression of the respective proteins in

the spinal dorsal horn (Sun et al., 2019; Y. Huang et al., 2020; Jin
et al., 2022). We found unexpectedly that repeated treatment
with morphine or fentanyl reduced mGluR5 protein levels in
the DRG but increased its abundance in the dorsal spinal
cord, without affecting the mGluR5 mRNA level in either tis-
sue. Importantly, we demonstrated that morphine treatment
failed to increase mGIuR5 levels in spinal synaptosomes in
mice with mGluR5 knockdown in DRG neurons. This finding
provides further evidence for potentiated anterograde traffick-
ing of mGluR5 from DRG neurons to their central terminals
in response to opioid treatment.

It remains enigmatic as to how opioid treatment potentiates
mGluR5 trafficking from DRG neurons to their central termi-
nals in the spinal cord. Although an association of MORs with
mGluR5 was reported in HEK293 cells (Schroder et al., 2009),
we did not detect a direct interaction between these two recep-
tors in the DRG or spinal cord, suggesting that MORs do not
physically interact with mGIuR5 in vivo. Increased mGluR5
phosphorylation by PKC potentiates surface trafficking of
mGluRS5 in cultured hippocampal neurons and cell lines (Ko et
al., 2012). Because treatment with opioids increases PLC and
PKC activity in DRG neurons (Xie et al., 1999), this may lead to
mGluR5 phosphorylation to augment mGluR5 trafficking from
DRG neurons to spinal cord synapses. In addition, motor pro-
teins, such as dyneins and kinesins, are actively involved in the
surface/membrane transport of proteins in the DRG and spinal
cord (S. R. Chen et al., 2014b; Higerd-Rusli et al.,, 2023).
Further studies are needed to define whether opioids affect the
interplay between mGluR5 and motor proteins.

Interestingly, we showed in this study that only monomeric
mGIuR5 was detected in the DRG, whereas both monomeric and
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dimeric forms of mGluR5 existed in the dorsal
spinal cord. Many mGluRs can form homo-
dimers or heterodimers in various cells and
tissues (Romano et al., 1996; J. Lee et al,,
2020). Oligomerization allows proteins to
form large structures without increasing the ge-
nome size and provides stability (Palczewski,
2010). Decreasing dimeric formation of mGluR1
reduces the ability of the receptor coupling to
facilitate phosphoinositide turnover (Hermans
and Challiss, 2001). Also, mGluR2, a Group II
mGluR, activates G proteins on glutamate bind-
ing only as a full-length dimer (El Moustaine et
al., 2012). Monomers and dimers of mGluR5
proteins are expressed in the brain (Romano et
al., 1996; D. P. Li et al,, 2014). mGluRS5 is a glyco-
sylated protein (Bhave et al., 2003) and

exists as dimers at the cell surface through o

disulfide bonds and glycosylation (Romano H‘
et al., 1996; Copani et al., 2000; Hermans
and Challiss, 2001). The important function

of dimeric mGluR5 is supported by the find- W MOR
ing that disrupting mGIluR5 dimers with
reducing agents attenuates their response to
an mGluR5 agonist in hippocampal slices,
cerebellar granule cells, and mGluR5-expressing
fibroblasts (Copani et al., 2000). It is likely
that, in the spinal dorsal horn, functional
mGluR5 are largely expressed as homo-
dimers on synaptic membranes, whereas
monomeric mGluR5 proteins mainly reside
in the endoplasmic reticulum or other in-
tracellular compartments.

Another important finding of our study is
that mGIuR5 formed a heteromeric protein
complex with NMDARs in the spinal cord,
which was augmented by opioid treatment. By
contrast, monomeric mGluR5 present in the DRG did not inter-
act with NMDARs. It can thus be inferred that NMDARSs inter-
act predominantly with dimeric mGIuR5 in the spinal cord.
Functional interactions between mGluR5 and NMDARs in the
brain are suggested by previous reports (Mao and Wang, 2002;
Yang et al., 2004; D. P. Li et al,, 2014). We showed in this study
that morphine treatment increased the amount of synaptic
mGIuR5-NMDAR complexes, whereas inhibition of mGluR5
with MPEP reversed this increase, suggesting that increased
mGluR5 activity is important for the mGluR5-NMDAR interac-
tion augmented by morphine treatment. It is possible that only di-
meric mGIuR5 proteins in the spinal cord are functionally active in
the synaptic expression and interaction with NMDARs promoted
by opioids. Although both dimeric and monomeric mGluR5 were
observed in GluN1 precipitates in the spinal cord, the use of DTT
and SDS in the coimmunoprecipitation assay likely denatured and
disrupted mGIuR5 dimers. Interestingly, @26 -1, another protein
critically involved in opioid-induced NMDAR hyperactivity (Deng
etal, 2019a; S. R. Chen et al., 2022), mainly interacts with phos-
phorylated GluN1/2A and GluN1/2B heterodimers, but not
individual NMDAR subunits (J. Chen et al., 2018; M. H.
Zhou et al., 2021b). Through protein oligomerization,
mGluR5, a26-1, and phosphorylated NMDARs may func-
tion as a large, multimeric signaling complex at the spinal
cord level to initiate and sustain opioid-induced hyperalge-
sia and tolerance.

Figure 9.
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Schematic representation shows the potential role of mGIuR5 from primary sensory neurons in opioid-
induced potentiation in presynaptic expression and activity of NMDARSs in the spinal dorsal horn. Under normal condi-
tions, mGIuR5 and NMDARs are minimally phosphorylated and show little interaction inside primary afferent central
terminals. Prolonged opioid treatment promotes phosphorylation and trafficking of mGIuR5 proteins from DRG neurons
to their central terminals in the spinal dorsal horn. In the spinal cord, the trafficked mGIuR5 proteins dimerize and
form a protein complex with phosphorylated NMDARs and subsequently potentiate synaptic expression and activity of
NMDARs at primary afferent terminals. Also, the opioid-induced increase in synaptic glutamate release may act on pre-
synaptic mGIuR5 to promote and stabilize phosphorylation of mGIuR5 and NMDARs to sustain their synaptic expres-
sion. Consequently, mGIuRS and NMDARs mutually augment glutamatergic input to spinal dorsal horn neurons,
leading to hyperalgesia and the loss of opioid analgesic efficacy. Further validation is needed for opioid-induced phos-
phorylation and synaptic trafficking steps of mGIuRS and NMDARs at primary afferent terminals. MOR, p-opioid recep-
tor; AMPAR, AMPA receptor.

We further uncovered that mGIuR5, via dynamic interaction
with NMDARs, is required for opioid-induced presynaptic
NMDAR hyperactivity in the spinal cord. Increased mGluR5 ac-
tivity potentiates glutamatergic input to spinal dorsal horn neu-
rons in neuropathic pain (J. Q. Li et al., 2010; Xie et al., 2017).
Augmented NMDAR activity at primary afferent central termi-
nals is crucial to opioid-induced hyperalgesia and tolerance by
potentiating nociceptive input to spinal dorsal horn neurons
(Zhao et al,, 2012; Deng et al,, 2019a; S. R. Chen et al., 2022).
Consistent with these findings, we showed in this study that
morphine treatment increased presynaptic NMDAR activity,
reflected by the increased amplitude of NMDAR-mediated
monosynaptic EPSCs evoked from the dorsal root and the
decreased PPR of EPSCs in dorsal horn neurons. Furthermore,
morphine treatment increased synaptic expression of NMDARs in
the spinal cord. These morphine-induced changes were reversed
by either MPEP or conditional mGluR5 knockdown in DRG neu-
rons. Therefore, increased activity of mGluR5, originating from
DRG neurons, is integral to opioid-induced presynaptic NMDAR
hyperactivity in the spinal dorsal horn via promoting/sustaining
NMDAR synaptic expression. We showed in this study that
inhibiting mGlIuR5 activity with MPEP not only diminished
the mGIuR5 interaction with NMDARs but also reversed
NMDAR synaptic trafficking potentiated by opioid exposure.
Because bath application of MPEP reversed the increased
amplitude of EPSCs of dorsal horn neurons by morphine
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treatment, continued mGIuR5 signaling is probably required for
maintaining or stabilizing synaptic expression of mGluR5-
NMDAR complexes in the spinal dorsal horn and presynaptic
NMDAR activity augmented by opioids. This mGluR5 activity
may sustain PKC-meditated NMDAR phosphorylation, which is
pivotal for physical interaction with @26-1 for surface and syn-
aptic trafficking (J. Chen et al., 2018; M. H. Zhou et al., 2021b).

mGIuR5 and NMDARs at primary afferent central terminals
likely contribute, in a reciprocal fashion, to opioid-induced
potentiation of glutamatergic input to spinal dorsal horn neu-
rons. mGluR5 activation increases the activity and phosphoryla-
tion of NMDARSs in the brain (Choe et al., 2006; D. P. Li et al.,
2014). Increased PKC activity is probably involved in the
mGIuR5-NMDAR interaction potentiated by opioids. In this
regard, brief opioid exposure triggers NMDAR-mediated LTP
via PKC (S. R. Chen et al., 2022). Increased PKC activity plays a
major role in opioid-induced presynaptic NMDAR hyperactivity
in the spinal cord and hyperalgesia (Mao et al., 1994; Zhao et al.,
2012; S. R. Chen et al,, 2022). Also, PKC binds to and acts on
both mGluR5 and NMDARSs (J. H. Lee et al., 2008; M. H. Zhou
et al.,, 2021b). In addition, increased mGluR5 activity by opioid
treatment may increase Gaq/11 availability, thereby increasing
NMDAR activity via PKC-mediated NMDAR phosphoryla-
tion in the spinal dorsal horn. A recent study indicates that
Gaq is required for PKC activation by Gai/o-coupled recep-
tors (Pfeil et al., 2020). Therefore, mGIuR5 could potentiate
and/or maintain NMDAR phosphorylation and activity via
the canonical Gaq/11-coupled PLC/PKC signaling cascade.
On the other hand, opioid-induced presynaptic NMDAR
hyperactivity causes excess glutamate release, which can
induce sustained activation of mGIuR5 at primary afferent
central terminals.

In conclusion, our findings provide new evidence linking
presynaptic mGluR5 to opioid-induced NMDAR hyperactiv-
ity in the spinal cord and the resulting hyperalgesia and toler-
ance (Fig. 9). The two distinct glutamate receptors at primary
afferent central terminals dynamically interact to facilitate the
development of opioid-induced hyperalgesia and tolerance.
This information not only extends our mechanistic under-
standing of how mGluR5 and NMDARs are mutually involved
in opioid-induced hyperalgesia and tolerance but also suggests
new targets for treating this condition. Inhibiting mGIuR5 ac-
tivity or disrupting the mGluR5-NMDAR interaction may be
effective for treating patients with opioid use disorder and
improving opioids’ efficacy for pain control.
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