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Running Head: MT> and mu opioid receptors in neuropathic pain
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ABSTRACT

Melatonin through its G protein-coupled MT> receptor is implicated in analgesia, but the
relationship between MT?> receptors and the opioid system remains elusive. In neuropathic rodents,
the selective melatonin M T2 agonist UCM924 produced antiallodynia, which was nullified by the
pharmacological blockade or genetic inactivation of the mu opioid receptor (MOR), but not the
delta opioid receptor (DOR). Indeed MOR, but not neuropathic DOR knockout mice did not
respond to the antiallodynic effects of the UCM924. Similarly, the non-selective opioid antagonist
naloxone and the selective MOR antagonist CTOP blocked the effects of UCM924 in neuropathic
rats, but not the DOR antagonist naltrindole. Electrophysiological recordings in the rostral-
ventromedial medulla (RVM) of rats revealed that the typical reduction of the firing activity of
pronociceptive ON-cells, and the enhancement of the firing of the antinociceptive OFF-cells,
induced by the microinjection of the M T, agonist UCM924 into the ventrolateral periagueductal
gray (VIPAG) were blocked by MOR, but not DOR, antagonism. Immunohistochemistry studies
showed that M T, receptors are expressed in both excitatory (CaMKIIo™) and inhibitory (GAD65")
neuronal cell bodies in the VIPAG (~2.16% total), but not RVM. Only 0.20% of vIPAG neurons
co-expressed MOR and MT2 receptors. Collectively, the melatonin M T, receptor agonism requires
MORs for its antiallodynic effects, mostly through an inter-neuronal interaction between MOR

and MT> receptors.



1. Introduction

Melatonin is a neurohormone that binds two GPCRs, MTy and MT,, widely expressed in
mammalian brains. Clinical studies have shown that melatonin displays analgesic properties in
chronic conditions including low back pain, fibromyalgia and migraine!. A plethora of animal
studies has demonstrated that the effect of melatonin in chronic neuropathic and inflammatory
conditions? is mediated by the MT, receptor®®, since its analgesic effects are prevented by the
pretreatment with selective MT, antagonist 4P-PDOT*®’. MT, receptors are expressed in the
ventro-lateral periaqueductal gray (VIPAG)®#, an area of the brainstem descending antinociceptive
pathways projecting to the rostral-ventromedial medulla (RVM), which in turn projects to the
spinal cord®, a network involved in chronic pain states and in opioid-induced analgesia®°. The
selective melatonin MT: partial agonist N-{2-([3-bromophenyl]-4-
fluorophenylamino)ethyl}acetamide UCM924 shows antiallodynic properties in neuropathic pain
models by modulating the ON and OFF neurons of the RVMS®, similarly to other classes of
analgesic drugs acting at the central level, including opiates!!. Although some studies suggest that
melatonin’s analgesic effects can be blocked by naloxone!?®3, it is still unknown whether the
analgesic mechanism of MT> receptor agonists is directly or indirectly mediated by opioids. In this
study we investigate: 1) the interaction between MT. and mu (MOR) or delta (DOR) opioid
receptors using a genetic and pharmacological approach; 2) the interaction between MORs and
MT: receptors in the ON and OFF neurons in the antinociceptive PAG-RVM pathway using in-
vivo electrophysiology; 3) the cellular localization of MORs and MT> receptors at the level of

PAG-RVM pathway.



2. Materials and methods

2.1 Animals and animal care

Male Sprague Dawley rats (Charles River, Canada, 140-160 g), male mice lacking mu (MOR "),
or delta (DOR)® opioid receptors and their wild type littermates (WT) were used for pain
behavioural studies and/or for electrophysiological recordings. Male MOR-mCherry knock-in
mice expressing the mu opioid receptor fused at its C-terminus to the red protein mCherry were
generated by homologous recombination®®, as well as male CaMKIlIa-'"*8 and GAD65-tdTomato®
expressing the red fluorescent tdTomato protein. All the transgenic mice were 20-25 g, PND 5-8
weeks. All animals were housed in standardized animal facilities under a 12-hour light/dark cycle
(light on at 7 AM) with ad libitum access to food and water. All the experiments were conducted
between 9:00 and 18:00 hours.

Experimental protocols were approved by the Animal Ethics Committees of McGill University
(protocol #7181) and followed ethical guidelines of IASP and the Canadian Institutes of Health
Research guidelines. All experiments were conducted by experimenters who were blind to drug
treatments.

2.2 Pain Animal models

Spared nerve injury was performed according to the method of Decosterd and Woolf?°. Under
isoflurane anesthesia, the sciatic nerve was exposed, the 3 peripheral branches (sural, common
peroneal, and tibial nerves) and both tibial and common peroneal nerves were ligated and
transected together. Animals recovered for 14 days at the time point of maximal
mechanical/thermal allodynia. Mechanical and cold allodynia were absent in healthy (pre-surgery)
animals, and the mechanical or thermal withdrawal threshold in rodents before SNI (pre-surgery)

was very close to the set cut-offs.



Mechanical allodynia

On day 15 after surgery, animals were placed in a test chamber (elevated mesh platform in an
enclosure) separated by opaque dividers and allowed to acclimatize for 30-40 minutes (rats) or 60-
90 min (mice). Von Frey filaments (Stoelting, IL) were used to measure the 50% paw withdrawal
threshold using the up-and-down method reported by Chaplan et al.?!. A series of calibrated
filaments (Stoelting, IL), ranging from 1.65 (0.008 g) to 5.18 (15 g) bending force) were applied
to the midplantar surface (sural portion) of the hind paw. Cutoffs were set at 15 g (for rats) and 2
g (for mice). 50% paw withdrawal threshold were calculated using the formula proposed by Dixon
et al.?2. Animals without allodynia were excluded. After the determination of the basal response,
allodynia was assessed at 0.5, 1, 2, 3, 4, 5, 6, 7, and 8 hours (for rats) and 1, 2, 3, 4, 5, 6, 7 (for

mice) post-administration for each treatment described below.

Cold plantar essay

Cold allodynia was assed as previously described by Brenner et al.%. Briefly, mice were
aclimatated on 1/4” thick pyrex borosilicate glass (Corning Inc., NY) in transparent plastic test
chamber for 60-90 min. Fresh dry ice was crushed into a fine powder and was packed into a cut
top off 3 mL BD syringe. Awake mice were tested by extending the reformed shaped dry ice pellet
and pressing it to the glass underneath the hindpaw using a consistent pressure. The mid plantar
portion of the injured paw was targeted ensuring that the paw was touching the glass surface. A
stopwatch was used to measure the withdrawal latency. Withdrawal was defined as any vertical or
horizontal movement of the paw away from the cold glass. An interval of at least 3 minutes was
allowed between trials on any single paw to allow enough time to return to a resting state. A least
3 measurements were made per timepoint and the average of the measurements were calculated.

Cutoff was set at 20 seconds to avoid any tissue damage.



2.3 Drugs
UCMB924 binding affinity
The affinity of M T partial agonist N-{2-([3-bromophenyl]-4-fluorophenylamino)ethyl}acetamide
UCM92424 for the opioid receptors (MOR, DOR, and KOR) was examined by the Safety47 Panel
Dose Response following a scale from 0-100 for response agonism, where 100 is the maximal
agonistic response (see methodology in

https://www.eurofinsdiscoveryservices.com/catalogmanagement/viewltem/Safety47-Panel-Dose-

Response-SAFET Yscan-DiscoverX/87-1003DR).

Drugs Administration

For subcutaneous (s.c.) and intra-vIPAG single administrations, UCM924 was dissolved in a
vehicle (Veh), (70% DMSO and 30% saline for s.c. or 0.05% DMSO in ACSF for intra-vIPAG
injections, as previously described®). Naloxone, CTOP (D-Phe-Cys-Tyr-D-Trp-Orn-Thr-Pen-Thr-
NH2), naltrindole (Cederlane, ON) were dissolved in vehicle solution. A final volume of 0.4 mL
in rats and 0.2 mL in mice was injected for s.c. administration and 1 pL was injected for intra-

VIPAG administration. All the antagonists were administrated 10 min before UCM924.

2.4 Intra-vIPAG cannulation and microinjection
Neuropathic rats received guide cannulation and intra-vIPAG microinjections. Animals were
anesthetized using isoflurane inhalation and mounted into a stereotaxic apparatus. A stainless-steel
guide cannula (4 mm below pedestral; 20 gauge; Plastics One, VA) directed toward the VIPAG
using coordinates from the atlas of Paxinos®® (A: 7.8 mm; L: 0.5 mm from bregma and V: 4.5 mm
below the dura). The cannula was secured to the skull with dental cement to a stainless-steel screw.
Carprofen (10 mg/kg, s.c.) was administrated immediately and for 2 days post-cannulation.

Cannulations were performed 7 days post to SNI. Microinjections were performed using a 25-


https://www.eurofinsdiscoveryservices.com/catalogmanagement/viewItem/Safety47-Panel-Dose-Response-SAFETYscan-DiscoverX/87-1003DR
https://www.eurofinsdiscoveryservices.com/catalogmanagement/viewItem/Safety47-Panel-Dose-Response-SAFETYscan-DiscoverX/87-1003DR

gauge needle that extended 2 mm beyond the paired guide cannula into the vVIPAG. Drugs or Veh
were administered using a 5 pl Hamilton syringe in an automated syringe pump (Braintree
Scientific Inc., MA) over a period of 60 seconds. The total microinjection volume was 1 pl. The
injection cannula was left in position for 2 min. All cannulae positions were double-checked after
microinjection of 0.2 ul of pontamine sky blue dye. Rats with microinjection site outside of the

VIPAG were excluded.

2.5 In-vivo electrophysiology
In-vivo electrophysiology coupled to mechanical pinch
Electrophysiological recording were performed as previously described in details®. Rats were
anesthetized with ethyl-urethane 1.2 g/kg, i.p., placed in a stereotaxic apparatus (David Kopf
Instruments, CA), and a hole was drilled through the skull according to the coordinates from rat
brain atlas of Paxinos and Watson? (2.8-3.3 mm caudal and 0.4-0.9 mm lateral to lambda and 8.9-
10.7 mm depth from the surface of the brain).
In the RVM, ON-cells were identified based on their burst of activity, and OFF-cells were
identified by the firing pause, when a nociceptive mechanical stimulation (hind-paw pinch) was
applied.
Extracellular single-unit recordings were performed using single-barreled pulled glass
micropipettes (Stoelting, IL) filled with 2% pontamine sky blue dye in 3 M NaCl. The electrode
impedance was between 2 to 5 MQ. Single-unit activity was recorded as large-amplitude action
potentials, amplified by an AC Differential MDA-3 amplifier (BAK Electronics, Inc., FL), post
amplified and band-pass filtered by a Realistic 10 band frequency equalizer, digitized by a CED
1401 interface system (Cambridge Electronic Design, UK), processed online, and analyzed off-

line using Spike2 software version 5.20.



RVM ON and OFF neurons recording

Once a neuron was identified from its background activity, we optimized spike size and included
only those neurons with a constant spike configuration and which could clearly be discriminated
from activity in the background throughout the experiment.

The spontaneous single-spike activity (Hz) of the neuron was then recorded for at least 5 minutes
before Veh injection. The RVM neural activity was expressed as mean+SEM of the spikes/s by
averaging the ongoing cell firing recorded 50 seconds before hind paw flick trials (which were
performed every 15 minutes). Paw flick—related ON-cell burst was calculated as mean+SEM of
the spikes in the 10 s interval starting from the beginning of the increase in cell frequency (which
was at least the double of its spontaneous activity). The duration of the OFF-cell pause was
expressed as mean+SEM of the time elapsing between the pause onset and the first spike after the
hind paw flick. Pontamine sky blue dye was injected iontophoretically passing a constant positive
current of 20 pA for 5 minutes through the recording pipette to mark the recording site. Then,
brains were collected and subsequent localization of the labeled site was made by cutting 20-um-
thick brain sections with microtome (Leica CM 3050 S); the electrode placement was identified

with microscope (Olympus U-TVO.5 x C-3).

2.6 Immunohistochemistry
Tissue preparation and immunohistochemistry
Tissue preparation and immunohistochemistry were performed according to standard
protocols!®?, Briefly, 30-um thick brain coronal sections containing the PAG and RVM were
collected using a cryostat (CM3050, Leica) incubated in blocking solution (PB 0.1 M, pH 7.4,
0.5 % Triton X100, 10% donkey serum for 2 h at RT). Sections were then incubated for 48 hours

at 4 °C in the blocking solution with appropriate primary antibodies: rabbit polyclonal anti MT>



(Alomone, AMR-032, 1:250), rat monoclonal anti m-cherry (Invitrogen, M11217, 1:1000), mouse
monoclonal anti-parvalbumin (PV) (Millipore, MAB1572, 1:10,000). After washing, sections
were incubated for 2 hours at RT with appropriate donkey AlexaFluor-conjugated secondary
antibodies: anti-rabbit Alexa 488 (Invitrogen, A-21206, 1:800), anti-rat Alexa 594 (Invitrogen, A-
21209, 1:800), and anti-mouse Alexa 647 (Invitrogen, A-31571, 1:800). Sections were washed and
incubated with Neurotrace 435/455 blue Nissl (Molecular Probes, N214791, 1:100). Slices were

mounted on gelatin-coated slides and coverslips added with mounting medium (DPX, Sigma).

Image acquisition

Images of PAG and RVM were collected with a confocal microscope (Carl Zeiss, LSM710).
Acquisitions were performed using X20; 0.80 NA dry objective and zoom values ranging from 0.6
to 1.2 were used for high magnification and images were acquired with the LCS (Leica) software.
Confocal acquisitions in the sequential mode (single excitation beams: 405, 488, 594 and 647 nm)
to avoid potential crosstalk between the different fluorescence emissions were also used to validate
double and triple colocalization. Neurons (cells positive for the specific neuronal marker
Neurotrace blue Nissl) expressing a given fluorescent marker were counted using Fiji Imagel
software cell counter plugin. Colocalization between the green fluorescence expression (MT?2), the
red (MOR-mCherry, CaMKIla-tdTomato or GAD65-tdTomato) or blue fluorescence (PV)
associated with expression of the neuronal marker was determined manually and blindly for each
slice using Fiji ImageJ software. Counting was performed in the well-described area of the VIPAG

(Bregma: —4.60 mm to —4.72 mm). At least 3 slices from 4 animals were counted.

2.7 Statistical Analysis
Mechanical allodynia time-course and electrophysiological recordings were analyzed by repeated

measures or mixed-model two-way ANOVA (after testing for normality distribution and



sphericity). Areas under the curve (AUC) were analyzed by one-way ANOVA. All data are
expressed as meantS.E.M. Statistical values reaching P<0.05 were considered significant.
Statistical analyses were performed using Graphpad Prism v8.3.1 (GraphPad Software, CA).
Tuckey post hoc comparisons was used for pair-wise comparisons when interaction was

significant.

3. Results

3.1 Binding affinity of UCM924
UCM924 has 300 times more affinity for the MT, (pKi=9.27) than the MT:1 (pKi=6.75) receptor?’.
In in vitro pharmacological assays, UCM924 (10 uM) did not display any significant binding
affinity for the MOR (OPRML1, max response agonist=2.86), DOR (OPRD1, max response

agonist=10.04), and KOR (OPRKZ1, max response agonist=10.11).

3.2 MT2-mediated antiallodynic effect of UCM924 is nullified in MOR™~ mice, but
not in DOR™ mice
We first determined the contribution of the opioid system to the MT2-mediated antiallodynic effect
in SNI WT, MOR™™ and DOR™"™ mice. 14 days post SNI surgery, the mechanical withdrawal
threshold measured in the ipsilateral-operated paw was profoundly lower compared to the
contralateral one, in WT (Fig.1A). UCM924 produced a significant mechanical antiallodynic
effect in WT (interaction: time x treatment, F7112=29.31, P<0.001; UCM924 vs Veh at 2-5h
P<0.001; Fig.1A) and DOR™" (interaction: F7¢s=37.25, P<0.001; UCM924 vs Veh at 2-5h
P<0.001; Fig.1B), but not in MOR ™~ (interaction: F7,4s=0.80, P=0.59; Fig. 1C) mice across time.
These results were confirmed when comparing all three strains in the AUC (treatment x genotype

F245=75.55, P<0.001; WT UCM924 vs MOR "~ UCM924 P<0.001; Fig.1D). Similar outcome was

10



found in the cold allodynia test?>. UCM924 significantly reduced the SNI-induced cold allodynia,
measured as thermal response threshold increase, in WT (interaction: F70=48.06, P<0.001;
UCM924 vs Veh at 2-5h P<0.001; Fig.1E) and DOR™~ mice (interaction: F7s=49.72, P<0.001;
UCM924 vs Veh at 2-5h P<0.001; Fig.1F), but not in MOR™ mice (interaction: F7112=2.07,
P=0.052; Fig.1G). These results were confirmed when comparing all three strains in the area under
the curve (treatment x genotype F2,4,=78.99, P<0.001; WT UCM924 vs MOR UCM924 P<0.001,;

Fig.1H).

3.3 MT2-mediated antiallodynic effect is nullified by MOR, but not by DOR,
blockade
Next, we determined the contribution of the opioid system to the MT.-mediated antiallodynic
effect in SNI rats using pharmacological blockade. The mechanical withdrawal threshold
measured in the ipsilateral-operated paw was significantly lower compared to the contralateral one
14 days after SNI surgery (Fig.2A). The subcutaneous administration of 20 mg/kg UCM924
reversed the mechanical allodynia in neuropathic animals (Fig.2A-B), as previously
demonstrated®. We therefore tested whether the non-selective opioid antagonist naloxone, the
selective MOR antagonist CTOP and the DOR antagonist naltrindole counteracted UCM924’s
effect. Systemic administration of naloxone (1 mg/kg) prior to UCM924 nullified the UCM924-
induced antiallodynic effect in SNI rats (interaction: Fzs252=10.50, P<0.001; naloxone+UCM924
vs UCM924 P<0.05 at 1-6 h; Fig.2A), and the AUC analysis confirmed that the UCM924 effect
was prevented by naloxone (Fz23=28.28, P<0.001; naloxone+tUCM924 vs UCM924 P<0.001,
Fig.2B). Importantly, low dose of naloxone (1 mg/kg) alone did not affect the paw withdrawal
threshold baseline, as previously reported?®?°. To explore the selective effect of UCM924 in the

PAG, UCM924 (10 ng) was injected intra-vIPAG, where it showed an antiallodynic effect
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(Fig.2C-I). This across-time effect was nullified in animals pretreated with intra-vIPAG naloxone
(interaction:F1595=16.27, P<0.001; naloxone+tUCM924 vs UCM924 at 1h P<0.001; AUC:
F3186=53.68, P<0.001; naloxone+UCM924 vs UCM924 P<0.001; Fig.2C-D), CTOP (interaction:
F15,100=18.83, P<0.001; CTOP+UCM924 vs UCM924 at 1h P<0.001; AUC: F3,19=12.19, P<0.001;
CTOP+UCM924 vs UCM924 P<0.001; Fig.2E-F), and naltrindole (interaction: Fis,115=14.02,
P<0.001; naltrindole+UCM924 vs UCM924 at 1h P<0.001; AUC: F32,=27.89, P<0.001;
naltrindole+UCM924 vs UCM924 P=0.005; Fig.2G-H). The post hoc comparisons showed a
significant increase of the AUC in naltrindole+UCM924 (but not naloxone+UCM924 or
CTOP+UCM®924) group compared to vehicle (naltrindole+UCM924 vs Veh P=0.005; Fig.2H).
The analysis comparing the AUC of the three antagonists together confirmed that while only
naloxone and CTOP completely block UCM924 overall effect (haltrindole+UCM924 vs UCM924,

P=0.08; Fig.2l).

3.4 Naloxone and CTOP block the activation of ON and OFF neurons induced by
the MT: partial agonist UCM924
We next explored the relationship between MORs and MT? receptors in the modulation of the ON-
and OFF-cells®*° the two main populations of neurons in the PAG-RVM circuit implicated in pain
modulation. ON-cells increase their firing just prior the occurrence of reflexes induced by noxious
stimulation, playing a pronociceptive role. OFF-cells undergo a characteristic pause just before the
nocifensive reflex, and their activation promotes antinociception**3L, In SNI rats the mean
frequency of spontaneous activity was 14.5+1.1 spikes/s for ON-cells, and 4.0+0.7 spikes/s for
OFF-cells. While microinjection of Veh into the VIPAG did not alter the spontaneous activity of
ON- or OFF-cells®, UCM924 microinjection (Fig.3A-B) decreased the firing rate of the

pronociceptive ON-cells (Fig.3C top left, D, F, H) and enhanced that of the antinociceptive OFF-
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cells (Fig.3C top right, E, G, 1) as previously determined®. Intra-vIPAG naloxone pre-treatments
abolished the UCM924-induced decrease in the frequency of the spontaneous activity (interaction:
F24,91=7.73, P<0.001; UCM924 vs naloxone+UCM924 at 25-55 min P<0.001; Fig.3C bottom left,
D) and in the mechanical pinch burst of firing (Fig.4A) in the ON-cells. CTOP also abolished the
effects of UCM924 (interaction: F24,9:1=6.00, P<0.001; UCM924 vs CTOP+UCM924 at 20-55 min
P<0.001; Fig.3F) and in the mechanical pinch burst (Fig.4C) in the ON-cells. Together, naloxone
and CTOP prevented the enhanced firing of the OFF-cells (UCM924 vs naloxone+UCM924
interaction: Fa4,01=3.77, P<0.001; UCM924 vs CTOP+UCM924 interaction: F2491=5.62, P<0.001;
Fig.3C bottom right, 3E and 3G, respectively) and the reduction of the OFF-cell pause duration
(Fig.4D) promoted by UCM924. In agreement with the behavioural data, the naltrindole neither
altered the modulation of the ON-OFF firing activity induced by UCM924 (UCM924 vs
naltrindole+UCM?924 vs at 0-60 min, P=n.s., Fig.3 H-I), nor the burst and pause of ON- and OFF-

cells (Fig.4E-F, respectively).

3.5 MT2 receptors and MORs are expressed in different areas and neurons of the
PAG-RVM descending pathway
To explore the neurobiological and anatomical mechanisms underlying the antinociceptive effects
in the PAG-RVM circuit, we then investigated the localization of MT> receptors using SNI
transgenic MOR-mCherry?®, CaMKIla-tdTomato®, GAD65-tdTomato mouse®® and the PV32-3,
Our previous immunohistochemical results showed that the M T receptor®® and MOR-mCherry*
are both expressed in the VIPAG. MT- receptors have been found in GAD65-tdTomato™ cells of
the VIPAG (Fig.5A), and specifically this co-localization was observed in PV-inhibitory

interneurons (Fig.5A and C). Using transgenic mice lines CaMKIla-td tomato, we also confirmed
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that MT, receptors co-localize with CaMKIla, an excitatory neuronal promoter in the adult
forebrain'"'® (Fig.5B).

We then quantified the percentage of neurons positive for somatic MT, and MOR-mCherry in the
VIPAG. While we counted 2.16+0.32% of MT." in the total neural cell body population of the
VIPAG (17/768), 1.19+0.18% of MOR were quantified over the total VIPAG neural population
(9/768) (Fig. 5C). The co-localization MT2*/MOR-Cherry™ neurons were only 0.20+0.02 % of the
total VIPAG neurons (2/768) (Fig.5C). Specifically, among the population of MOR-mCherry™ in
the VIPAG 17.14+2.62% co-labeled with MT," expressing neurons (2/9), and among the MT>"
neurons 9.44+4.24% co-labeled with MOR-mCherry* in the VIPAG (2/16) (Fig.5C).

Moreover, while MOR-mCherry signal was revealed in PV*-inhibitory neuronal cell bodies in the
RVM, MT receptor immunoreactivity was instead absent (Fig.5D).

Altogether, these data suggest that MT. and MOR are differentially expressed in distinct neuronal

populations of the PAG and in distinct brain areas.

4. Discussion

The results presented here showed that the supraspinal antiallodynic effects of the melatonin MT>
agonist UCM924 are mediated by the opioid system, specifically by MORs.

Our results showed that UCM924, a selective MT. partial agonist belonging to the class of N-
(substituted-anilinoethyl)amides?’, has no affinity for opioid receptors, in keeping with recent
findings showing distinct conformational features between MORs and MT? receptors®.

The antiallodynic effects of M T2 agonist are blocked by the genetic and pharmacological blockage

of MOR, but not DOR. Similarly, the CTOP, but not naltrindole, blocks the ability of UCM924 to
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decrease pronociceptive ON-cells firing and burst and increase antinociceptive OFF-cells firing
and reduce their pause.

Previous studies have shown that exogenous and endogenous melatonin provides analgesic effects
with the involvement of the opioid system. Notably, melatonin increases the release of beta-
endorphin®2’ and naloxone blocks melatonin-induced analgesia in the hot plate!?® and tail-flick
tests®®. Furthermore, the opioid antagonist naltrexone blocks melatonin-induced mechano-
allodynia in a spinal nerve ligation model*®. We showed that non-selective naloxone and MOR-
selective CTOP antagonists both blocked the antiallodynic effect as well as the central modulation
of ON- and OFF-cells in the PAG-RVM descending antinociceptive circuit. On the other hand, we
found that naltrindole, at the dose of 1jg intra-PAG showing a selective DOR antagonism in vivo®,
had a limited effectiveness in blocking the effect of UCM924, in agreement with a previous
observations®. This finding was confirmed by the electrophysiological recordings in ON- and OFF-
cells (where naltrindole did not block the effects of UCM924) as well as by the mechanical and
cold allodynic tests performed in DOR™ mice with UCM924. Although we cannot completely
rule out the role of DOR in neuropathic conditions at peripheral level**#2, the findings presented
here suggest that MOR, but not DOR, is involved in MT2-promoted supraspinal antiallodynia.
Immunohistochemical data confirm that MT> receptors are expressed in neurons of the VIPAG®#,
but not in the RVM. We found that MT> receptors are expressed in both excitatory (CaMKIIo")
and inhibitory (GAD65") neuronal cell bodies in the VIPAG (~2.16% total), while 1.19% of MORs
have been found in somatodendritic neuronal population. On the other hand, our findings
confirmed that some MORs are expressed in the PAG*** and abundantly in the RVM*4¢,
corroborating the hypothesis that MT. receptors are localized upstream of MORs in the

antinociceptive descending pathway. The presence of MT2 in VIPAG glutamategic neurons were
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also found in our previous work®, using vGlut2 antibody, even if the GABAergic neurons marked
with VGAT resulted non expressing the MT receptors. This discrepancy is likely due to the fact
that vGlut2 and VGAT antibodies mark the presence of the receptors at the synaptic terminal level
of glutamatergic or GABAergic neurons, respectively. Only a minimal number (~0.2%) of VIPAG
neurons co-expressed MOR and MT2 receptors, suggesting an inter-cellular interaction between
these two neuronal populations. Since both MOR and MT receptors belong to GPCRs coupled to
a Goi-dependent cAMP and ERK signalling pathways*’#8, an intra-cellular cross-talk cannot be a
priori excluded.

A large body of literature suggests that MORs are localized at the somatodendritic level of ON-
cell of RVM (receiving inputs from PAG glutamatergic neurons) and at the GABA-realising
presynaptic terminal of the OFF neurons®3°°, Indeed, OFF cells are activated by local infusion of
either MOR selective ligands or the GABAA receptor antagonist bicuculline®®®!, and ON-cells
activity is depressed by morphine administration in the RVM®?,

The MT; receptors localized in the PAG glutamatergic neurons as well as in the GABAergic
neurons may control upstream the modulation of MOR acting on ON- and OFF-cells of the RVM
(see Fig.6). While the effect promoted by the MT2 receptor agonism on excitatory neurons in the
VIPAG might directly silencing pronociceptive ON-cells, in parallel would disinhibit GABAergic
neurons in the VIPAG to modulate the activity of the OFF-cells; altogether, these effects would
promote analgesia.

Morphine and other synthetic opiates are the cause of the so-called “opioid crisis” in North-
America®*®* leading to the death of 100 people a day in the US alone®, consequently the MT;
receptor agonism may represent a novel avenue to treat chronic neuropathic pain conditions by the

indirect engagement of the opioid system.
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Figure 1. The MT2agonist UCM924 does not have anti-allodynic effect in MOR knockout
mice. Mechanical allodynia test. UCM924 (20 mg/kg, s.c.) increases the paw withdrawal
threshold across time in WT (A) and DOR™ (B), but not in MOR™ (C) neuropathic mice. (D)
Area under the curve (AUC): UCM924 (20 mg/kg, s.c.) produces an overall antiallodynic effect
in WT and DOR™", but not in MOR™", neuropathic mice. Data are expressed as mean = SEM (n=

11-7 each group). Thermal allodynia test. UCM924 (20 mg/kg, s.c.) increases the paw withdrawal
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latency in WT (E) and DOR”" (F), but not in MOR™" (G), neuropathic mice. (H) AUC: UCM924
(20 mg/kg, s.c.) produces a cumulative antiallodynic effect in WT and DOR™", but not in MOR™,
neuropathic mice. Data are expressed as mean £ SEM (n= 9-7 each group). Intermittent line on
the top represents the mechanical or latency withdrawal threshold of the contralateral paw. *P <
0.05, and ***P < 0.001 vs WT Veh (A, E) or DOR™ Veh (B, F); ###P < 0.001 vs DOR™ Veh (D,
H), $$$ < 0.001 vs WT UCM924 (D, H). Data are analyzed using two-way ANOVA followed by
Tukey post-hoc test.
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Figure 2. The antiallodynic effect of the MT2 agonist UCM924 is nullified by the non-selective
naloxone and selective MOR antagonist CTOP. (A) Time course. UCM924 (20 mg/kg, s.c.)
increases the paw withdrawal threshold in neuropathic rats. Pretreatment with the non-selective
opioid antagonist naloxone (1 mg/kg, s.c.) blocks the UCM924 antiallodynic effect across time.
(B) AUC: UCM924 (20 mg/kg, s.c.) produces a significant antiallodynic effect for 7 hours.
Pretreatment with naloxone (1 mg/kg, s.c.) reduces the overall UCM924 antiallodynic effect across
time. (C, E and G) Time course. UCM924 (10 pg, intra-vIPAG) increases the paw withdrawal
threshold in neuropathic rats. Pretreatment with naloxone or MOR selective CTOP (1 ug, intra-
VIPAG, both) completely blocks the UCM924 antiallodynic effect. (D and F) AUC: Pretreatment
with naloxone or CTOP (1 pg, intra-vIPAG, both) reduces the overall UCM924 antiallodynic
effect. (G) Time course. Pretreatment with the selective DOR antagonist naltrindole (1 pg, intra-
VIPAG) partially blocks the UCM924 antiallodynic effect at 1 hour. (H) AUC: Pretreatment with
naltrindole (1 g, intra-vIPAG) reduces the overall UCM924 antiallodynic effect. Intermittent line
on the top represents the mechanical withdrawal threshold of contralateral paw. Intermittent line
on the bottom represents the threshold cutoff (4 g) for allodynia in SNI rats. Values above this line
are considered an antiallodynic effect. Data are expressed as mean = SEM (n= 9-4 each group). *P
<0.05, **P <0.01, and ***P < 0.001 vs Veh; #P < 0.05, ##P < 0.01, and ###P < 0.001 vs naloxone
or CTOP or naltrindole + UCM924. Data are analyzed using two-way ANOVA (time course) or
one-way ANOVA (AUC) followed by Tukey post-hoc test.
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Figure 3. The non-selective naloxone and selective MOR antagonist CTOP block the effects
of MT2on ON and OFF cells of the PAG-RVM descending antinociceptive pathway. (A)
Schematic illustration of microinjections in the VIPAG site (left) and of site of the
electrophysiological recording in the RVM (right). (B) Schematic illustration of the location of
VIPAG and RVM microinjection sites. (Top) Vehicle or drug(s) microinjections were performed
in the left VIPAG (filled blue circle). The open circle indicates microinjections accidentally or
intentionally performed outside of VIPAG and were excluded from the analysis. (Bottom) Neuronal
recordings were performed by lowering a glass electrode into the RVM. ON cells (red circles) or
OFF cells (black circles) recording sites are shown. Some sites are not shown because of symbol
overlapping. Distances from the bregma are indicated. (Top right). Representation of coronal
sections of the rat brain with the photomicrograph of the recording site in the RVM. Raphe Magnus
nucleus (RMg); raphe pallidus nucleus (RPa). The white arrow indicates the site of the electrode
recording labeled with pontamine sky blue dye. (C) Firing rate histogram of a single ON (top left)
and OFF (top right) neuron of the RVM after VVeh followed by UCM924 microinjections, and of
a single ON (bottom left) and OFF (bottom right) neuron of the RVM after naloxone followed by
UCMB924 microinjections. Scale bars indicate 5 minutes for ratemater records, and arrowheads
indicate the noxious stimulation. UCM924 (10 ug, intra-vIPAG) decreases spontaneous firing rate
activity of ON cells (D, F, H) and increases the firing activity of OFF cells (E, G, 1) across time
in neuropathic rats. Pretreatment with 1ug intra-vIPAG of naloxone (D-E) and CTOP (F-G), but
not naltrindole (H-1), blocked the UCM924-induced modulation of ON (D, F, H) and of OFF cells
(E, G, I). Data are expressed as mean + SEM for n=4-2 each group (D-I). *P < 0.05, **P < 0.01,
and ***P < 0.001 vs -5 min Veh+UCM©924; ##P < 0.01, and ###P < 0.001 vs naloxone or CTOP
+ UCM924; $P< 0.05, $$P < 0.01, and $$3$P < 0.001 vs -5 min Nalt+UCM924. Two-way ANOVA
followed by Tukey post-hoc test.
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Figure 4. The non-selective naloxone and selective MOR antagonist CTOP block the effects
of the MT2 agonist UCM924 on ON cell burst and OFF cell pause of the PAG-RVM
descending antinociceptive pathway. UCM924 (10 ug, intra-vIPAG) reduces the burst activity
of ON cell burst (A, C, E) and the duration of OFF cell pause (B, D, F) across time in neuropathic
rats. Pretreatment with 1 pg intra-vIPAG of naloxone (A-B) and CTOP (C-D), but not naltrindole
(E-F), blocked the UCM924-induced modulation of ON cell burst (A, C and E) and of OFF cell
pause (B, D and F). Data are expressed as mean £ SEM for n= 4-2 each group. *P < 0.05, **P <
0.01, and ***P < 0.001 vs -5 Veh+UCM©924; #P < 0.05, ##P < 0.01, and ###P < 0.001 vs
naloxone/CTOP/naltrindole + UCM924; &&&P < 0.001 vs -5 Nalt+UCM924. Two-way ANOVA
followed by Tukey post-hoc test.
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Figure 5. MT2 receptor and MOR expression in the PAG-RVM descending pathway. (A)
MT. receptors are expressed in GAD65-tdTomato™ neurons of the VIPAG, and this colocalization
was observed particularly in parvalbumin (PV) inhibitory expressing interneurons. (B) MT:
receptors are expressed in CaMKIIa* neurons, an excitatory neuronal promoter of the adult
forebrain. (C) MOR-mCherry, MT2 receptor and inhibitory PV* GABAergic neurons are
expressed in VIPAG. Both MOR-mCherry (filled arrowhead) and MT> (empty arrowhead)
colocalize with PV* GABAergic neurons. Counting: 2.16 + 0.32% of MT> receptor and 1.19 +
0.18% of MOR-mCherry are expressed in the total neural cell body population of the VIPAG.
Colabel MT2"/MOR-mCherry* neurons are 0.20 + 0.02 % of the total neuronal population (arrow).
(D) MT. receptors were not revealed in the RVM, while MORs are abundantly localized in this

area. Scale bars: 25 pm.
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Figure 6. Schematic model to illustrating the role of M T2 receptors and MORs in PAG-RVM
circuit in nociceptive modulatory state. MT> receptors are located on both somatodendritic
regions of GABA- and glutamatergic neurons in the vIPAG, but not in the RVM. The MT»-
mediated disinhibition of GABAergic projections positively modulates antinociceptive OFF, while
MT, receptors silence glutamatergic inputs to pronociceptive ON cells in the RVM. MOR
antagonism nullifies MT»-induced anti-allodynia, confirming the upstream localization of MT>
receptors in the pathway. MT2: melatonin MT: receptor, MOR: p-opioid receptor. Adapted with
permission from Fields (2004)%.
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